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Abstract

This thesis investigates the PIFA antenna along with some other antennas and the role of
periodic structures over the antennas to fulfil the fifth-generation (5G) requirements. The 5G
wireless technology is the next step towards the evolution of cellular communication systems.
There are three broad categories of 5G bands — the low (600-850 MHz), the mid (3.4-3.6

GHz), and the high (millimeter wave) and all of them have their own pros and cons.

The previous wireless technology used the antennas not having high gain, wide bandwidth,
and beam steering capability for directional transmission and reception of the signal.
However, 5G technology requires antennas with high-speed data rate, high gain for a wide
coverage of the network with beam steering capacity (efficient coverage), and should also
occupy less area (compactness). To get the high gain required for 5G communications in
millimeter frequencies, beam forming technology plays a major role. There are different types
of large networks used for beamforming, such as Butler matrix, Rotman lens, phased array
antenna because beam steering requires it. However, these methods increase the complexity,
weight, and cost of the design. In order to overcome these issues, disruptive beamforming can
be used. Disruptive beamforming does not require phase shifters, power dividers to steer the
beams. Disruptive beamforming uses some structures like an artificial magnetic conductor
(AMC), metasurfaces, superstrate, and RF absorbers through which high gain, wide
bandwidth, beam steering can be achieved. Different types of antennas can be used for the
purpose of beamforming/beam steering such as monopole antenna, PIFA antenna, microstrip

patch antenna, etc.

In the second chapter, compact planar inverted-F antenna (PIFA) is designed. It is found that
the gain and bandwidth of the antenna are low while the SAR value is high which may not be
useful for 5G and other applications. To counter low gain, the gain enhancement of the PIFA

antenna is explored by applying AMC and this also helps to reduce SAR.

In the third chapter, a coplanar waveguide fed monopole antenna is designed where three
superstrate structures have been explored for gain enhancement. The low gain problem is
investigated in a systematic manner. Hence, to achieve high gain, AMC is used with
superstrate for enhancing the forward radiation from the antenna. Finally, low dielectric

superstrate is fabricated with the combination of monopole and AMC.



In the fourth chapter, beam steering capability is developed in monopole antenna with the
help of non-uniform metasurface superstrate and AMC as beam steering with low scan loss is

going to be a necessity for 5G communications.

In the fifth chapter, Eccosorb MCS absorber is used which is used to transform the radiation
pattern of a slotted PIFA and producing a radiation beam in the desired direction while also

increasing the antenna's gain.

Extending the work in the fifth chapter, we designed a planar inverted-F multi-beam antenna
using RF absorbers in the sixth chapter. The proposed antenna provides multiple beams from
a single antenna with wide angular coverage. The designed antenna achieves a multi-beam

behaviour by six slabs of absorbers placed periodically between the PIFA patch and substrate.

In the seventh chapter, circular polarized MIMO antenna for the 5G band is designed. The

MIMO antenna incorporates SIW structure which is used to perform beamforming.
The eighth chapter conclude the work and future scope of the thesis.

In this way, this thesis will discuss gain enhancement, beam splitting, and beamforming
techniques using AMC, superstrate, RF absorbers, and metasurface superstrate with different

antennas.
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CHAPTER 1

Introduction

The fifth-generation (5G) wireless technology is the next step towards the evolution of cellular
communication systems. There are three broad categories of 5G bands — the low (600-850
MHz), the mid (3.4-3.6 GHz), and the high (millimeter wave) and all of them have their own
pros and cons. Nowadays, mid-band and sub-6 GHz bands for 5G communications are getting
attention. Mid-band offers a far wider coverage area than high-band millimeter wave
spectrum and, unlike millimeter wave, can penetrate walls, in addition to faster speeds and
more capacity than low-band. In the millimeter range, different frequency bands are available
at 24 GHz, 28 GHz, 38 GHz, and 60 GHz for 5G communication. However, electromagnetic
waves face a high loss in the millimeter range during propagation. Due to all these limitations,

the many initial services of 5G, 3.3-3.8 GHz, and sub-6 GHz is the expected range.

The previous wireless technology used the antennas not having high gain, wide bandwidth,
and beam steering capability for directional transmission and reception of the signal.
However, 5G technology requires antennas with high speed for transmitting signals (high-
speed data rate), high gain for a wide coverage of the network with beam steering capacity

(efficient coverage), and should also occupy less area (compactness).

To get the high gain required for 5G communications in millimeter frequencies, beamforming
technology plays a major role. There are different types of large networks used for
beamforming, such as Butler matrix, Rotman lens, phased array antenna because beam
steering requires it. These methods increase the complexity, weight, and cost of the design. In
order to overcome these issues, disruptive beamforming can be used. Disruptive beamforming
does not require phase shifters, power dividers to steer the beams. Disruptive beamforming
uses some structures like an artificial magnetic conductor (AMC), metasurfaces, superstrate,
and RF absorbers through which high gain, wide bandwidth, beam steering can be achieved.
Different types of antennas can be used for the purpose of beamforming/beam steering such

as monopole antenna, PIFA antenna, microstrip patch antenna, etc.



In this chapter, a brief introduction of 5G technology and the expected spectrums are
described. Next, the requirements of the antennas in future wireless technology are also
described. In the end, for beam steering and gain enhancement, different types of periodic
structures are also explored. This introduction lays the foundation that is needed to appreciate

the work performed in this thesis.
1.1 Review of Evolution of Wireless Technology

With the fast improvement of wireless communication, remote correspondence has improved
over the years due to the implementation of advanced heterogeneous systems [1]. After 4G
communication, the next generation of wireless communication has drawn attention called
the fifth generation i.e., 5G has drawn attention. The next generation of wireless technology
will be advanced as compared to previous generations that are first introduced commercially
in 2009. As compared to 4G whose speed is up to 100 Mbps, 5G speeds could reach 10
gigabits per second. With this high-speed network, high-definition (HD) movies of more than
1 GB can be downloaded easily. The transmission speed as well as the bandwidth of the 5G
network increases which will be needed to accommodate added demands from the “internet
of things” [2 - 3]. 5G will provide a direct link between many devices and services like user
experience continuity and mission-critical services [4]. The multiband smart antenna is the
basic condition for 5G applications. It is categorized by an adaptive array that changes the
pattern of the beam according to the user and interference movements. For the direction of
arrival (DOA), estimation null enforcement, digital beamforming is used [5 - 7]. Advanced
generation systems are introduced to overcome the limitations of previous generations such
as high speed, bandwidth, capacity, quality digital video conferencing, online gaming, and
availability of the network all the time at any place [8]. The evolution of cellular technology
over the previous versions is shown in Figure 1. The first-generation communication was
introduced in 1980 and is popularly known as AMPS (Advanced mobile phone system). It
utilized a frequency re-use concept supporting 5 to 10 times more users than that of IMTS
(Improved mobile telephone system). But 1st generation systems were prone to hindrances
like insecurity and full-duplex analog mode of communication. Some of the limitations of 1st
generation were overcome by the 2nd generation communication systems which were
launched in 1990 utilizing GSM (Global system for mobile communication) standard (See

Figure 1.1). The 2G systems were digitally encrypted and more efficient on the spectrum.



They have paved the way to text messaging services. It was introduced in 1995 which was an
amalgamation of packet switch networks and GSM possessed data rates up to 160 kbps. This
technology is usually referred to as 2.5G. The Evolution (EDGE), uses 8 PSK modulation
which indeed provides fast internet services as the e-services were becoming more prevalent
during this phase [9]-[10]. In the case of 3G, the base stations upgradation cost was very high
and the base stations were needed to keep closer to each other which increases the cost further.
The long term evolution technology was added to 4G which provides ultra-high-speed

broadband wireless network [11].

Figure 1.1: Evolution of wireless technology.

1.2 5G Technology

After 1G, 2G, 3G, and 4G, the impending 5G is the fifth-generation wireless technology,
which is a new global wireless standard. In comparison to earlier technology, 5G is supposed
to deliver more connectivity. 5G claims to simply improve cellular capabilities by improving



mobile capacity and data rates while also giving more broadband power. In fact, 5G cellular
networks are 10 to 50 times faster than prior generations [12]-[13]. The new applications like
Internet of Things (loT), Device to Device (D2D), Machine to Machine (M2M)

communications, Internet of Vehicles (IoV) can be implemented by 5G technology [14]-[15].
2.2 5G Expected Spectrum

To meet the future expectations of advanced new coming wireless technology i.e., 5G, more
spectrums need to explore for 5G services. To meet market demand, 5G would require a
considerable amount of new harmonised spectrum, thus clearing prime bands should be

prioritised. The 5G spectrum is divided into three parts:
i) Lower Band

i) Mid-band

iii) Higher Band

) Lower Band: This is a sub-1 GHz band that allows for widespread coverage in urban,
suburban, and rural regions, including indoors. Increased low-band capacity is essential to
close the digital divide by creating greater equity between urban and rural broadband

connectivity.

i) Mid-band: It provides a good combination of coverage and capacity advantages.
The majority of commercial 5G networks use spectrum in the 3.3-3.8 GHz region.

In the long run, more spectrum will be required to sustain 5G service quality and fulfill
expanding demand (e.g., 3.3-4.2 GHz, 4.8 GHz and 6 GHz).

iii) Higher Band: For mobile, the GSMA recommends supporting the 26 GHz, 28 GHz,
40 GHz, and 66-71 GHz bands.

There are new challenges to meet link quality requirements at mm-waves frequencies:

> Impairments are not an issue at sub-6 GHz but become more problematic at mm-

wave frequencies.

> With wider channel bandwidths expected at mm-wave frequencies, common signal



impairments impact baseband and RF designs.

> 5G radio systems use multi-antenna spatial diversity and beam steering techniques

on both base stations and mobile devices to overcome these challenges [16].
1.4 Requirements of the Antennas for Future Wireless Technology

In wireless communication technology demand of efficient transmission and reception of the
signal is rapidly increasing in laptops, smartphones, and satellite communication. Therefore,
the antenna plays a key role in any wireless communication systems for the transmission and
reception of signals. The role of an antenna is to convert electronic signals into
electromagnetic signals or vice-versa. The IEEE definition of the antenna is “an antenna is a
transitional structure between free space and a guiding device that allows radio waves to be
transmitted or received [17]. The antenna has following features like high gain, wide
bandwidth, low ohmic losses, and high radiation efficiency which is highly preferable for

future wireless technology [18].

5G technology requires the type of antennas having highspeed transmission, high gain for a
wide coverage of the network, compact size. For 5G new radio (NR), network capacity

beamforming antennas are a very important part for mobile operators.

Beamforming technologies are one key solution for generating high-gain antennas. It is the
ability to constructively generate highly directive (high-gain) antenna patterns, especially
electronically-steerable patterns. Traditional antennas could only transmit and receive on
defined radiation patterns in previous wireless technology. Beamforming antennas, on the
other hand, shape their main and null beam directions dynamically based on the location of
connected users. The ability of a beamforming antenna to reduce interference, enhance the
signal to interference and noise ratio (SINR), and give better-directed signals has been
demonstrated [19]-[20].

1.5 Different Types of Antennas

This thesis describes different types of antennas that can be used for the purpose of
beamforming/beam steering such as monopole antenna, PIFA antenna, microstrip patch
antenna, etc. This section mainly concentrates on antennas and different periodic structures

used for beam steering and gain enhancement.



151 Monopole Antenna

Because of its simple shape, low cost, and omnidirectional radiation pattern, the monopole
antenna is widely utilized in wireless communication systems. Monopole antenna is
constructed from a straight conductive rod which is perpendicular to a metal ground plane as
shown in Figure 1.2. A metal ground plane is used, with respect to which excitation is applied
[21].

Conductive rod/' Length = lf 4

Conductive ground plane

I
_

Coaxial pin

Figure 1.2: Monopole antenna with conductive road and ground plane.

In [22], Chen et al. proposed a CPW fed triband planar monopole antenna where multiband
operation is achieved by two inverted-L slots. However, the triband operation is obtained but
gain of the antenna in three bands is not sufficient for future wireless communication
technology. In [23], Boutayeb et al. proposed a technique to enhance the gain of the antenna.
The mushroom-like cylindrical EBG substrate is used to increase the antenna gain. However,
the structure of EBG is made up of metallic rings and vias radially disposed which makes its

structure complex.



1.5.2. Planar Inverted-F Antenna (PIFA)

PIFA antenna was introduced in 1958 by Ronold W. P. King which is the form of bent wire
as shown in Figure 1.3. PIFA antenna is a variant of monopole antenna in which the top of

the wire is folded down parallel to the ground which also increases the radiation resistance.

[24]. The length of the antenna is %which makes it low profile and compact. The PIFA
antenna is widely used in wireless devices such as mobile phones, tablets, laptops, satellite
applications, and missiles [25]. It is comprised of one shorting pin and fed by a probe which
is some distance away from the shorting pin. The impedance bandwidth is controlled by
varying the air gap between the top and ground of the PIFA antenna, whereas, the impedance
matching can be controlled by the distance between feed and shorting. The impedance
decreases as the feed gets closer to the shorting pin; conversely, the impedance increases as
the feed gets further away from the short edge. This parameter can be used to adjust the

impedance of the PIFA. The PIFA's resonant frequency is determined by W.

If this is the case, the shorting pin will run the length of the patch. The PIFA is resonant in

this case

IFW =W, = L =1/4

Suppose that W=0, so that the short is just a pin (or assume W < L. Then the PIFA is resonant

at:

If W =0 then L, +W, =/% [26].

A/4 Patch
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h
Ground plane Probe feed/v

Figure 1.3: Planar Inverted-F Antenna.
1.5.3. Microstrip Patch Antenna

The concept of a microstrip patch antenna was proposed by Deschamps in 1953. Microstrip



patch antenna is widely used as an internal antenna because of the following reasons:
I. Light weight

i. Manufacturing is inexpensive

iii. Ability to create high gain arrays

Iv. Polarization diversity

The design of the antenna is such that the metal is printed partially on the upper part and the
lower part of the substrate is completely covered by metal. The shape of the patch can be
square, rectangle, circle, triangle, elliptical, etc. The rectangular shape microstrip patch

antenna is shown in Figure. 1.4 [27].

Patch
o
T

Substrate

h W <— Ground

Figure 1.4: Microstrip patch antenna.
1.5.4.  Substrate Integrated Waveguide (SIW)

The substrate integrated waveguide (SIW) is the technology where the substrate is sandwich
between two metallic layers and the metallic posts or vias are inserted which connect the
lower metallic layer and upper metallic layer of the substrate. It is generally used at millimeter

wave because the microstrip line has high radiation losses at high frequency.
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Figure 1.5: Substrate integrated waveguide.

The SIW design equation is given as [108]

2 dZ
=a—1.08—+0.1—
geff a P a

Where ‘W’ is the effective width, ‘d’ is the diameter of the vias and ‘p’ is the separation

between the vias.
1.6. Different Types of Periodic Structures

These periodic structures can be in the form of AMC, uniform or non-uniform superstrate, or
the periodic absorber blocks that change the behavior of antennas to provide desired radiation

characteristics.
1.6.1.  Artificial Magnetic Conductor (AMC)

When placed on a grounded dielectric substrate, planar periodic metallic arrays operate as
artificial magnetic conductor (AMC) surfaces and introduce a zero degree reflection phase
shift to incident waves, as shown in Figure 1.5. AMCs' reflection phase crosses zero at only
one frequency in practice (for one resonant mode). Because these phase values would not
produce destructive interference between direct and reflected waves, the useable bandwidth

of an AMC is generally specified as on either side of the central frequency.



200
150

-k
o o
o o

Phase (degree)
=

- o,
th ©
o © o

200

2 3 ‘ 5
Frequency (GHz)

Figure 1.6: AMC unit cell: (a) isometric view; (b) reflection phase.
1.6.2. Uniform Superstrate

The superstrate over an antenna helps to create a cavity effect in line with the Fabry-Perot
effect (See Figure 1.6) and the transmission and reflection behavior of the substrate decides
the overall gain of the antenna-superstrate combination. Proper selection of AMC and
superstrate can provide high gain to the antenna. Mostly, a uniform superstrate is used for this

type of function. Figure 1.6 shows the uniform metasurface superstrate.

IR AR« Uniform superstrate
i i Antenna

(a) (b)

Figure 1.7.: Uniform superstrate: (a) top view; (b) side view.
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1.6.3. Non-uniform Superstrate

Non-uniform superstate instead a of uniform superstate not only provides gain but can also
steer the beam in the desired direction. This section explores non-uniform superstrate and its
design for high gain antennas. Figure 1.7 shows the geometry of the proposed superstrate
which comprises of metallic patches of different sizes. In order to steer the beam ina direction
away from the broadside, there should be phase variation for waves emanating from different
locations of the superstrate. This phase-varying behavior is provided by a nonuniform

metasurface printed on the dielectric substrate acting as a superstrate.

IR T A AR« Non-uniform superstrate

i i—- Antenna

(@) (b)
Figure 1.8: Non-uniform superstrate: (a) top view; (b) side view.
1.7. Literature Survey
1.7.1. High Gain Antenna

We discussed the use of various periodic structures is utilized for the gain enhancement,
beamforming, and beam splitting in the conventional antennas in previous sections. This
section concentrates on the different methods to obtained high gain and beamforming for 5G

applications.

Planar inverted-F antenna (PIFA) is suitable for low-profile, compact wireless devices.
Another benefit of the PIFA antenna is the integration with other electronic components.
Different low- profile, and flexible textile PIFA for Wireless Local Area Network (WLAN)
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applications are reported in [28-31]. With the advantage of low profile, wide bandwidth,
PIFA has some limitations of low gain, backward radiations, high specific absorption rate
(SAR), and complicated fabrication [32].

In [33], Chen et al. proposed two PIFA arrays in which one PIFA has shorting pins at outer
edges and another PIFA has shorting pins at the inner edge which broaden the bandwidth as
well as increase the gain of the antenna. Whereas, Sievenpiper et al. show that the
performance of the antenna in terms of bandwidth, gain, and efficiency can be improved
without compromising the size of the antenna with the help of an artificial magnetic conductor
(AMC) [34]. The function of AMC is to reflect the wave at 0° phase and add in phase with an
antenna which creates constructive interference, improving the bandwidth and gain
respectively [35]-[36]. In [37], Gao et al. achieved miniaturization and high gain by using

high permittivity metasurface (MS) placed over the antenna.

Whereas in [38], Yang et al. has proposed a thick cavity used as an antenna magnetic ground
plane which achieved 1.73 dB peak gain enhancement. Furthermore, the performance of the

antenna is enhanced by a 2x2 antenna array.

The SAR reduction is one of the challenges for any antenna, which increases when a mobile
phone is close to the human body. Therefore, there is a need for the antenna to work close to
the human body without affecting SAR. The magneto dielectric nanocomposite substrate is
used to reduce the SAR value and enhance the performance of the antenna [39]. Lai et al.
proposed additional pair of parasitic shorted patches to suppress the backward radiations
which help to obtain 12.23% impedance bandwidth and gain of 6.5 dB gain [40]. The
metasurface units consist of non-uniform metallic patches which are fed through two
microstrip coupled slots. A good filtering performance is achieved by shorting via the
separation of two slots [41]. In [42], Joubert et al. proposed a cavity-backed printed slotted
antenna fed by CPW in which the unidirectional radiation pattern is obtained by an AMC
reflector. Furthermore, the antenna performance is enhanced using a newly devised EBG
structure. However, Ta et al. proposed a T-shape slit-based AMC unit cell is used as a reflector
of the antenna which achieved broadband characteristics [43]. Whereas, miniaturization and
wideband are achieved using AMC as reported in [44]. Hossain et al. proposed a PIFA
antenna which achieved 2.08 and 2.29 W/kg 1g SAR in the human head at 900 and 1800 MHz
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bands respectively [45]. The different SAR values have been evaluated at different distances
from the head as reported in [46]. In [47], Choi et al. proposed two 28 GHz beam steering
antenna sub arrays for fully metal-covered 5G cellular handsets with reduced SAR values.
Moreover, the effects of the hand on PIFA antenna have been reported in [48]. For different
planar and bending scenarios, the SAR reduction has been achieved using AMC and is
investigated in [49]. In [50], a miniaturized slotted Jerusalem Cross (JC) AMC ground plane
is integrated on an M-shaped monopole antenna which achieved a gain of 4.8 dB and SAR
value of 0.683 W/kg. In [51], wide operational bandwidth is achieved by a new type of PIFA
antenna which provides quasi-omnidirectional type radiations. However, Ali et al. proposed
an ultrawide band microstrip patch antenna where suppression of cross-polarization is
achieved by defective ground plane [52]. Can et al. present a design which reduces the specific
absorption rate (SAR) using AMC [53]-[54].

Monopole antennas are used in wireless communication because of their simple design,
quarter wavelength length, low cost, and omnidirectional radiation pattern. Over a
considerable portion of its frequency spectrum, a monopole antenna has a high response
impedance. The omnidirectional radiation property of the monopole antenna makes it suitable
for 5G technology [55]-[60].

Tan et al. presented a dual-band with dual sleeve monopole antenna was proposed in [61],
which operates in 900 MHz and 1800 MHz frequency bands. Tan et al. proposed monopole
antenna with crinkle fractal structure for multiband applications was presented in [62].

Deng et al. proposed a monopole antenna in which a sleeve was introduced to increase the
gain to 3.9 dBi [63]. Moreover, Jiang et al. proposed a compact flexible anisotropic
metamaterial coating is presented in [64], which shows bandwidth enhancement (2.15-4.6

GHz) and increased gain up to 5.46 dBi.

Panahi et al. presented a polarization reconfigurable monopole antenna in [65], which
achieved LHCP/RHCP using two PIN diodes and obtained a maximum gain of 1.2 dBi.
Furthermore, Koohestani et al. presented that the gain and performance of the antenna can be
enhanced by using an artificial magnetic conductor (AMC) [66]. Abbasi et al. proposed a
novel vertically polarized, omnidirectional low-profile antenna was proposed in [67] and it
shows a 5.5% of bandwidth and 3.7 dB gain.
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Yuan et al. presented a low-profile vertical monopole element with a standard metallic
reflector plane [68]. Lin et al. report a pair of double-printed crossed dipoles employing vacant
quarter-rings in [69], but with strong back radiation which is removed by using square AMC.
In [70], Wu et al. a horizontally polarised circular loop antenna and a vertically polarised low-
profile monopole antenna make up the proposed antenna. However, Cao et al. obtained a
conical pattern and gain of 6 dBi through square-shaped AMC [71]. Jackson et al. proposed
gain enhancement methods for printed circuit antennas in [72]. Jackson et al. presented the
importance of leaky waves in the fundamental physics of directional beaming at microwave
and optical frequencies [73]. In [74], Kim et al. enhanced the gain of the antenna dielectric
superstrate. Whereas, Mittra et al. presented using three different superstrates to conduct a
comparative investigation of directivity enhancement of microstrip patch antennas in [75]. Li
et al. proposed a Fabry Perot antenna where directivity is enhanced by a stepped dielectric
slab superstrate [76]. Zhang et al. proposed microwave flat gradient index (GRIN) lenses
where ultrawideband and high gain is achieved by partially infilled dielectrics with a varied
periodicity and artificially engineered dielectrics (AED) [77]. Arya et al. presented meta-
atoms and artificially engineered materials for antenna Applications [78]. Zhang et al.
proposed a planar graded-index (GRIN) lens in which gain enhancement is achieved by GRIN

lens which transforms spherical wavefronts into planar wavefronts [79].

It can be said from the above mentioned literature review that the artificial magnetic conductor
(AMC) and superstrate are attractive for achieving high gain, low SAR, and wide bandwidth
in conventional antennas. But it does not fulfill the requirements of modern wireless
communication systems because it is very difficult to achieve beamforming, beam scanning,
and beam splitting. So, researchers are finding some other techniques to remove these

drawbacks.
1.7.2. Beamforming and Beam Splitting Antenna

In 5G, the beam steering capability of the antenna plays the main role for efficient coverage
to all users [80]-[82]. Beam steering is the solution to today's network problems such as call

drops, multipath fading in crowded areas [83], [84].

Arai et al. proposed a leaky wave optical beam scanning antenna which achieved 10° beam

scanning with the help of waffle and waffle iron waveguides [85]. McManamon et al.
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presented many beam steering methods reported in [86], which shows one of the methods of
beam steering, Birefringent Prisms. However, this method is limited as it requires prism
thickness of more than 8 cm which may create the problem of beam walk off [87], [88] when
the beam needs to be steered by 20°. The precise beam steering is obtained using a 1D optical
phased array on silicon-on-insulator which achieves 2.3° at a wavelength of 1550 nm and
14.1° steering. The design is, however, limited due to its high cost and complication in

designing with low beam scanning presented by VVan Acoleyen et al. [89].

Ji et al. proposed a reconfigurable partial reflecting surface (PRS) structure which was
deployed to achieve beam steering from -15° to 15° as reported in [90]. Tanoli et al. proposed
a microstrip leaky wave antenna which achieved total beam scanning of 78°[91]. Whereas,
Symeonidou et al. achieved 0° to 40° beam scanning with the help of an electronically

controlled microstrip antenna and changing the capacitance value [92].

Dias et al. obtained tilted beam at £15° by combining parasitic elements with inserted
capacitances [93]. Luther et al. proposed a parasitic phased array antenna with varactors and
tuning capacitance which provides continuous scanning of £15° [94]. However, Khairnar et
al. proposed a reconfigurable microstrip Yagi antenna which achieved beam scanning from -
40° to +40° in H-plane with the help of two hexagonal slotted tunable parasitic elements with
the gain of 3.36 dBi [95]. Li et al. presented a beam steering antenna based on a parasitic layer
which achieved beam steering of -30°, 0°, +30° and used a grid of 5x 5 electrically-small
rectangular-shaped metallic pixels on the upper layer of the parasitic layer which are
connected by switches [96]. Besides, 360° beam steering is presented in [97] by combining
electronically steerable parasitic array radiator (ESPAR) antenna and the water antenna, but

it makes the design complex and cannot be easily designed. Ourir et al. proposed a phase

varying metamaterial for steerable directive antennas where +20° steer beam is obtained [98].
The above work is addressed in chapter 4.

The majority of antennas are measured in wavelengths, and the short wavelengths of mm-
waves allow for small antennas with high directivity [99]. In [100], the authors use three
identical sub-arrays of patch antennas that are fed by switching to certain sub arrays to achieve
beam steering capability in the theta plane ranging from —90° to +90°. In [101], Hong et al.

proposed stacking of six pieces of the substrate, placed in a radome which improved the
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radiation pattern distorted at mm-waves. In [102], Hashem et al. proposed a six-element
MIMO PIFA antenna, whereas, Morshed et al. proposed a PIFA antenna with slots to increase
the gain and bandwidth [103]. In [104], Wang et al. presented an array of 4 x4 patch antenna
which improves the gain of the antenna with a soft surface structure which suppressed the

surface wave.

An antenna covering the frequency range of 53 GHz to 71 GHz is proposed, with a bandwidth
of 29 % and a gain of 17.5 dBi. Park et al. [105] combined two radiating elements to obtained
high gain and tilted beam into two directions. In [106], Aliakbari et al. show that the

adjustment of the slots results in increased impedance matching and axial ratio. Kornprobst

et al. developed an mm-wave patch antenna with a wide beamwidth of 100” to 125° achieved
by parasitic patches with multiple resonances and a 13 % bandwidth that covered the
frequency range of 34.1 to 38.9 GHz [107]. Agrawal et al. proposed a SIW leaky-wave horn
antenna which achieved radiation pattern improvement by varying the number of slots [108].
However, Faezi et al. discussed radiation pattern improvement carried out by conducting post
around the slots which suppress the surface wave and remove the ripples from E-plane [109].
Whereas, Panda et al. proposed tuning fork-shaped monopole antenna where surface waves
suppressed by HIS which increase the gain as well as obtained wide bandwidth [110]. In
[111], Feng et al. demonstrated that a layer of three substrates may reach 19.4 % bandwidth
(4.69-5.7 GHz) and 7.32 dBi gain, with the top superstrate consisting of 77 square patch cells
metasurface. In a multilayer substrate for wideband operation, seamless integration of other
devices is problematic, which is achieved in [112] by using a MIMO dual-band mm-wave

monopole antenna.

In Katare et al. proposed a split beam antenna where a split beam is achieved using digital
metasurface along with a lens in which radiation in boresight direction is improved through
the lens, and beam splitting is achieved through digital metasurfaces [113]. However, [114]
proposed an ultra-thin polarization beam splitter using the property of the transmissive phase
gradient metasurface (TPGM). Jiang et al. suggested a symmetrical dual-beam bowtie antenna
for 5G MIMO applications in [115], which utilised three pairs of metamaterials (MTM)
arrays. A wide beam was achieved using the first pair of MTM arrays with a high refractive

index, while the second pair of MTM arrays were configured so that the single wide beam

splits into dual beams at 30°. Khidre et al. presented a wideband dual-beam U-slot microstrip
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antenna where dual radiation beams with wide bandwidth directed at +35° and —-33° is
reported in [116].

In [117], Park et al. proposed a four-element planar folded slot phased array antenna which
achieved beam scanning of +50°. However, Guan et al. improved beam scanning rate by
slow-wave substrate integrated waveguide structure [118]. Whereas de Paula et al. presented
an air-filled substrate integrated waveguide 1 X 4 antenna array which shows +50° beam
scanning [119]. Ansari et al. presented a complex structure called the Butler matrix 46, which

was combined with a six-element linear antenna array to achieve 45" beam scanning in [120].

From the above-mentioned literature review it is evident that the artificial magnetic conductor
(AMC) along with non-uniform metasurface superstrate, RF absorber, and SIW are attractive
for achieving beamforming, beam scanning, and beam splitting which is the requirements of

upcoming 5G wireless technology.

1.8. Motivation and Objective of the Thesis

In the upcoming wireless communication technology i.e., 5G, there is an extensive
requirement of the high gain, beamforming, beam scanning, and beam splitting antenna.
Moreover, antenna designers are also more focused on mid-band, sub-6 GHz, and millimeter-
wave bands along with highly directional, high radiation efficiency, and compact antennas.
To get the high gain required for 5G communications in millimeter frequencies, beamforming
technology plays a major role. There are different types of large networks used for
beamforming, such as Butler matrix, Rotman lens, phased array antenna because beam
steering requires it. However, these methods increase the complexity, weight, and cost of the

design. In order to overcome these issues, disruptive beamforming can be used.

The literature survey reveals that many research groups are working in the field of 5G antenna
design and also, they got success to some extent. Due to the above requirements, our research
work is mostly concentrated on enhancement of features such as gain, beamforming, and
beam splitting, beam steering and beam reconfiguration etc., with different periodic structures

which are studied in details.
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Some of the following challenges are motivating factors to conduct research work in the field

of 5G antennas:

Combining different periodic structures to enhance the gain of the antenna.

>
»  Specific absorption rate (SAR) reduction using artificial magnetic conductor (AMC).
»  Come up with different techniques to achieve beam scanning, beamforming.

>

Isolation and coupling reduction
On the basis of the above factors, the main objective of this thesis is to design and

analyze of planar inverted-F antenna, monopole, and microstrip patch antenna along with
different periodic structures.

The main objectives of this thesis are listed below:

»  Achieving high gain, wide bandwidth, and SAR reduction in PIFA antenna using AMC.
»  Gain enhancement of monopole antenna using AMC and superstrate.

» By utilising a non-uniform superstrate, develop beam steering ability in monopole
antenna.

»  Obtain wideband and high gain and pattern reconfigurable using Eccosorb MCS
absorber.

»  Split beam into two directions using Eccosorb MCS absorber.

»  Achieve beamforming using SIW, metasurface, and EBG structure in two-port MIMO
antenna.

» By using simulation tools such as Ansys HFSS for optimizations of the antenna
parameters.

»  Fabricate prototypes antennas to validate the simulation results such as input impedance

bandwidth, gain, radiation patterns, and so on.

1.9. Design Guidelines of the Antenna

Figure 1.8: shows the function of the work plan in flow chart format and divides the whole

work into majorly seven sub-sections which are given below:

»  Choose the Frequency of operation of the antenna and select the material and its

dielectric constant.
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»  Use the design equations for finding the resonant frequency.

»  Use appropriate techniques to achieve high gain, beamforming, and split beams
»  Designed the proposed antenna structure by using Ansys HFSS and apply proper
boundary conditions.

»  Conduct parametric analyses to know the effect of different parameters on the
Antenna performance.

»  Once the antenna design is finalized start the fabrication process for

the prototype antenna.
»  Measured the fabricated prototypes for validation of the results.
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Figure 1.9: Design methodology of the proposed antennas.
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1.9.1.  Organization of the Thesis
The thesis has been divided into eight chapters which are given as:

Chapter-1: In the first chapter, a brief introduction of 5G technology and the expected
spectrums are described. Next, the requirements of the antennas in future wireless technology
are also described. In the end, for beam steering and gain enhancement, different types of
periodic structures are also explored. This introduction lays the foundation that is needed to

appreciate the work performed in this thesis.

Chapter-2: In the second chapter, we start with the design of a compact planar inverted-F
antenna (PIFA). It is found that the gain and bandwidth of the antenna are low while the SAR
value is high which may not be useful for 5G and other applications. To counter low gain, the
gain enhancement of the PIFA antenna is explored by applying AMC. On the other hand, the
SAR contribution leading to the undesired electromagnetic radiation towards the human body
is analyzed using three- and four-layer of the human tissue models. Once the reason for high
SAR is known, the SAR reduction technique with AMC is used, reducing SAR to a low value.
The value of SAR of the proposed antenna is found to be lower than the IEEE standards which
shows the effectiveness of the AMCs. When measured, the proposed antenna has an
impedance bandwidth of 4.8-6.7 GHz (33 % with center frequency at 5.75 GHz) and a
maximum gain of 7.6 dBi, making it appropriate for WLAN, satellite uplink C-band, and sub-
6 5G applications.

Chapter-3: In the third chapter, we designed a coplanar waveguide-fed monopole antenna.
Traditional planar monopole antennas have low gain and might not be usable for many
applications due to it. While the use of AMC and superstrate is used for gain enhancements,
it has never been employed for planar monopole antennas in a single design. So, we
approached this low gain problem in a systematic manner. Hence, to achieve high gain, we
use AMC as well as superstrate for enhancing the forward radiation from the antenna.
However, superstrates demand for materials with high dielectric constants but these materials
are either not available commercially off-the-shelf or are very expensive compared to
traditional dielectrics. This motivated us to study three different superstrates and discuss how
they can be used in place of each other without sacrificing antenna performance. Finally, one
of these three superstrates is fabricated with the monopole and AMC combination. The
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fabricated coplanar waveguide fed monopole antenna with AMC and superstrate shows the
measured impedance bandwidth of 15.7% (3.2-3.75 GHz) and has the maximum gain of 7
dBi which is well suited for 5G and WiMAX applications.

Chapter-4: In the fourth chapter, we explored a beam-steering antenna based on a non-
uniform metasurface superstrate and AMC as beam steering with low scan loss is going to be
a necessity for 5G communications. The proposed antenna in this work can steer the beam
along 6 = -18° and 18° with the superstrate and along 6 = 0° in the absence of the superstrate
with almost zero scan loss. The antenna, working at 3.5 GHz, due to these qualities, is an ideal
candidate for 5G, WiMAX, and WLAN applications.

Chapter-5: In the fifth chapter, we look at how an Eccosorb MCS absorber can be used to
transform the radiation pattern of a slotted planar inverted-F antenna (PIFA). The structure of
the PIFA antenna with and without absorber was analysed to see whether the antenna
performance might be improved. We show that by using an absorber, the radiation pattern
may be transformed, producing a radiation beam in the desired direction while also increasing

the antenna's gain at the same time.

Chapter-6: Extending the work performed in the fifth chapter, we designed a planar inverted-
F multi-beam antenna using RF absorbers in the sixth chapter. The multi-beam antennas
mostly require a complex system of multiple antennas such as a phased array or MIMO
antennas and make the system bulky as well as power-hungry. The proposed antenna
circumvents these limitations and provides multiple beams from a single antenna with wide
angular coverage. The designed antenna achieves a multi-beam behaviour by six slabs of
absorbers placed periodically between the PIFA patch and substrate to split the beams into
two directions at +26°. This design fulfills the multibeam requirements not just for 5G but

for other latest communication systems too.

Chapter-7: In the seventh chapter, we design a circularly polarized MIMO antenna for the
5G band at millimeter wave frequencies (23.5-25.5 GHz). As microstrip or CPW type of
transmission lines incur a high loss at millimeter frequencies, the antennas call for SIW-based
designs for low loss. Therefore, a novel SIW structure is employed to achieve beamforming
in this chapter. This work comprises different types of vias and slots that achieve multibeam
in the 1t and 2" quadrant with 120° angular coverage. The introduction of slots also improves
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the axial ratio and antenna gain. The proposed antenna also benefits by using EBG and
metasurfaces to produce right-handed circular polarized radiations within the desired band of
23.5-25.5 GHz with good return loss. Finally, the MIMO's diversity properties have been

investigated. In all aspects, the suggested antenna performs well for 5G applications.

Chapter-8: In the end, the eighth chapter consists of the overall conclusion and future scope
of the thesis. In this thesis, we designed various antennas like PIFA, monopole, SIW, and
microstrip patch antennas to achieve high gain and beam splitting, beamforming for 5G
applications. These antennas will be helpful for 5G applications working in frequency bands
of mid-band (3.4-3.6 GHz), sub-6 GHz, 19.7 to 30.32 GHz, 24.2-25.7 GHz, and 23.5-25.5
GHz.

In this way, this thesis will discuss gain enhancement, beam splitting, and beamforming

techniques using AMC, superstrate, RF absorbers, and metasurface superstrate.
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CHAPTER 2

Compact PIFA Antenna with High Gain using Artificial Magnetic

Conductor

2.1 Introduction

With the rapid demands for high data, connectivity, low data traffic has drawn attention
towards new wireless technology i.e. fifth generation (5G). The demand for low profile and
compact wireless devices for advanced wireless service like 5G is high. Nonplanar antennas
such as monopole antennas are low profile in nature but they have limitations such as
uncontrolled radiation, narrow bandwidth, and low gain. Planar inverted-F antenna (PIFA)
is suitable for low profile, compact wireless devices. Another benefit of the PIFA antenna is

the integration with other electronic components because of its low-profile nature.

Hence, PIFA antenna is the most prominent solution for the next generation wireless

technology.

In literature, the periodic structures i.e., artificial magnetic conductor (AMC) have been
used for improving the performance of the antenna [42]. Therefore, several works have been
reported on AMC technique to improve the antenna bandwidth, gain, efficiency and to
reduce the SAR [43]-[44]. In this work, to enhance the bandwidth and gain of the PIFA
antenna, square unit cell AMC is designed as shown in Figure 2.1 (a). The proposed square
AMC unit cell is based on Rogers RT/Duroid 5880 of thickness 1.6 mm and permittivity
value of 2.2. The top surface of the substrate is covered by metallic square patches and the
bottom surface is completely covered with metal. The side length of the square patch is

denoted by a (=a,=a,) whereas the periodicity of the unit cells is denoted by p (

=P =Py)-

The square patch is centered in the unit cell leaving an equal gap around it. The dimensions

of the optimized AMC unit cell are taken as a =9.88 mm with p =10mm. This size of the

AMC gives the zero-reflection phase at 5.6 GHz.
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Figure 2.1: AMC unit cells.
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Figure 2.2: The reflection phase characteristics of the AMC unit cells.
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2.2 Design Procedure and Parametric Studies of PIFA Antenna

This section contains the antenna design procedure and parametric studies (effect of air gap
between patch and ground, length of the antenna, and position between feed and shorting).

2.2.1 PIFA Antenna Design

The geometry of the proposed composite antenna is shown in Figure 2.3. The PIFA antenna
with its ground is printed on top of the substrate while the bottom of the substrate touches

the AMC structure. The 3D layered structure of the proposed composite antenna is shown in

Figure 2.3.
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Figure 2.3: Proposed antenna structure; (a) detailed dimensions of the antenna; (b) 3D

layered structure of the antenna; (c) equivalent circuit model of the proposed antenna.
For the top PIFA antenna, the distance between the feed and shorting end is denoted by

‘g, while the air gap between the PIFA and ground is denoted by “h_°.

The design equation of PIFA [31] is given as:

C
f =
©AL,+W, +h)fe,

Where f, is the resonant frequency, L, is the length of the patch, W, is the width of the

p

patch and h is the air gap. If the width of the shorting pin is less than the width of the patch
then L, +W, =A1/4. The equivalent circuit model of the proposed PIFA antenna with AMC
is shown in Figure 2.3 (c). The Llpifa and L2pifa denote the inductors and Cpifa is the

capacitance of the PIFA antenna, whereas the LAMC and CAMC are the inductance and
capacitance created in an AMC respectively.

Figure 2.4 shows the photographs of the fabricated proposed antenna. The photographs also
show the connection employed to feed the antenna. The center conductor of the coaxial
cable is connected to PIFA and the outer conductor is connected to the ground of the

antenna.
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Antenna

Figure 2.4: Photographs of the proposed antenna.

The optimized parameters of the proposed antenna are found to be: w, =20 mm, w, =10 mm,

[, =14.55mm, h, =3.43mm, h=1.6mm, g, =7.74mm, |, =50 mm.

2.2.2 Parametric Analysis

The dimensions of the proposed antenna are achieved by optimization of different

dimensions like h,, 1, g, on the overall performance of the proposed antenna.
2.2.2.1 Effects of air gap between patch and ground h,

To find the optimal air gap between the patch and ground, the position of h, is very
essential for obtaining the required results. To find the optimized value, h; is varied from

2.43mm to 4.43mm with a step size of 1mm. It is observed from Figure 2.5 (a) that S-

parameters are dependent upon h . It can be seen that when h increases, the bandwidth of
the proposed antenna also increases. Finally, we choose the optimized value of h as 3.43
mm which provides the increased bandwidth of 4.9-6.5GHz with |S,|<10dB for the

design.
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2.2.2.2 Effects of PIFA length |
Next, parametric analysis is performed on the length of the PIFA which is denoted by I .
The effects of | on return loss and frequency band of the proposed antenna are shown in

Figure 2.5 (b). The value of | is increased from 13.5mm to 15.5mm and the optimized

value of | is found to be 14.55mm which gives the desired bandwidth.
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2.2.2.3 Effects of Feed Location from Shorting End

The location of feed from the shorting end should be carefully selected. This location should

be selected in such a way that the feed sees 50Q2 impedance from the antenna. The distance

‘g, between feed and shorting pin controls the characteristic impedance and bandwidth of

the antenna. From Figure 2.5 (c), we can see that if the location of the feed is moved

(change ing, shows the movement of feed location) from the optimized location, the S-

parameters degrade and also affect the impedance bandwidth. The figure shows the effect

when ‘g’ is varied from 6.74mm to 8.74mm with a step size of 1mm. We find that
g, =7.74mm is the optimized distance from the shorting end to feed the antenna that helps

to achieve the desired frequency band.
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Figure 2.5: Simulated S-parameters of the proposed antenna as a function of (@) h, (b) I,

,and (c) 9,

2.3  Simulated and Measured Results

The prototype of the proposed antenna is fabricated and tested for the validation of antenna
design. Figure 2.6 shows the S-parameters of the proposed antenna. The figure shows that
there is a good agreement between measured and simulated results. The S-parameters of the
PIFA antenna without AMC have lower bandwidth as compared to the antenna with AMC
signifying that the introduction of the AMC has increased the bandwidth of the antenna. The

measured impedance bandwidth is 4.8—6.7 GHz i.e., 33% for |S,,|<10dB. It is important

to note here that the introduction of the AMC brings in extra resonances which ultimately
gives a better impedance match at different frequencies. These extra resonance modes show

up as multiple dips in the desired frequency band.
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Figure 2. 6: Simulated and measured S-parameters of the proposed antenna.

AMC reflects the radiations of the radiating antenna in such a way so that the reflected field
adds constructively with direct radiations of the antenna to provide unidirectional radiations.
It is also important to note that the AMC has limited bandwidth (i.e., frequency range from
5 GHz to 6.5 GHz of the reflected phase). Due to this limited bandwidth, AMC will not be
able to reflect the beam away from it in the same phase as frequency changes. Moreover, the
radiation pattern also does not remain unidirectional and becomes frequency-dependent. It
also leads to lower gain for the frequencies that are away from the central frequency of
AMC operational bandwidth. We find that the radiation pattern broadens and reduces the
overall gain at 50r 6 GHz as compared to 5.5GHz as AMC gives better in-phase reflections
at 5.5GHz.

The simulated and measured radiation patterns of the proposed AMC-based PIFA antenna at

5, 5.5, and 6 GHz for different phi cuts are shown in Figure 2.7.
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Figure 2.7: Simulated and measured radiation patterns (for ¢ =07, ¢ =90° cuts) of the

proposed antenna at: (a) 5 GHz; (b) 5.5 GHz; (c) 6 GHz.
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The simulated and measured results are in good agreement. The co-polarization gain is
shown by red colour while the cross-polarization gain is shown by a black color lines. We
note that the cross-polarization levels are high and are not desirable as it is the indication
that the part of the power is getting wasted in unwanted polarization i.e., cross-polarization.
It is important to note here that the beam is getting tilted (i.e., maximum gain is not along
6 =0?) because the material under the antenna is not uniform. On one side, there is ground

and on the other side, there is no ground. This type of non-uniformity creates the tilt in the

beam.

In order to reduce the cross-polarization level, without changing the radiation antenna
structure, [52] can be helpful for the readers where rectangular metasurface superstate is
employed to reduce cross-polarization. Another novel and innovative way of reducing cross-
polarization is by enhancing the AMC design and this technique is shown in Figure 2.8.

Figure 2.8: PIFA with rectangular AMC.

The improved AMC design with low cross-polarization is shown in Figure 2.8. The new
AMC design composes rectangular unit cells instead of square unit cells. By this
modification, AMC has a nonuniform effect on orthogonally polarizations and hence
reflects orthogonal polarized fields whose characteristics are not the same. In this way, co-
and cross-polarized radiations from the proposed antenna can be independently controlled

by optimizing the AMC unit cell dimensions.

The optimized dimensions for rectangular AMC unit cells with low cross-polarization are

found to be p, =3mm, a,=9.88mm, and a, =2.
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Figure 2.9 shows the simulated radiation patterns of the PIFA antenna with rectangular
AMC unit cells. Continuous lines show co-polarized field values while dashed lines show
cross-polarized components. From radiation patterns, it can noted that the cross-polarization
for PIFA antenna with rectangular AMC is far lower than the square AMC. This non-
intrusive method of reducing cross-polarization is independent of the radiating element and
can be applied to other different types of antennas. In this way, cross-polarization of the

planar PIFA antenna can be reduced by using rectangular unit cells instead of square ones.
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Figure 2.9: Radiation patterns of the PIFA antenna with rectangular AMC at: (a) 5 GHz; (b)
5.5 GHz; (c) 6 GHz.
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The gain of the proposed PIFA antenna with and without AMC is shown in Figure 2.10. The
maximum simulated gain of the proposed PIFA antenna with AMC is 8.3 dBi while the
maximum measured gain is 7.6 dBi as shown in Figure 2.10. However, the gain of the
PIFA antenna without AMC is quite low. It does show that the introduction of AMC has
increased the gain of the PIFA antenna. This gain is measured in the direction perpendicular

to the surface of the antenna (i.e., at & =0°,¢ =0 according to Figure 2.4). There is a good

agreement between the simulated and measured value of the gain.
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Figure 2.10: Simulated and measured realized gain of the proposed antenna.

The analysis of SAR for any antenna used in wireless applications is very important. SAR is
used to measure the impact of electromagnetic waves on the human body in terms of power
absorption by human body tissues. In this work, frequency-dependent three-layer and four-
layer phantom models are designed for SAR analysis as shown in Figure 2.11. The three-
layer phantom model consists of dry skin, fat, and muscles while the four-layer phantom
model consists of skin, fat, muscles, and bones. The value of conductivity, permittivity, loss
tangent for skin, fat, muscles, and bones have been calculated at three frequencies i.e., at 5,
5.5, and 6 GHz and are given in Table 2.1 [54].
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Figure 2.11: Human tissue models with layer thicknesses; (a) three-layer model; (b) four-
layer model

TABLE 2.1: Dielectric properties of the tissues for different frequencies [54].

Tissue (layers) o g, 0
5GHz

Skin 3.06 35.78 0.3
Fat 0.24 5.03 0.17
Muscle 4.04 49.54 0.29
Bone 0.96 10.04 0.34
55GHz

Skin 3.46 35.36 0.32
Fat 0.27 4.98 0.18
Muscle 4.61 48.88 0.31
Bone 1.08 9.81 0.36
6 GHz

Skin 3.89 34.95 0.33
Fat 0.30 4.94 0.18
Muscle 5.20 48.21 0.32
Bone 1.20 9.59 0.37
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The SAR values have been carried out at 5, 5.5, and 6 GHz over 1 g average according to
IEEE standards as shown in Tables 2.2 and 2.3.

TABLE 2.2: SAR level of the proposed antenna at 5, 5.5, and 6 GHz (100 mW).

SAR (W/Kg) 5 GHz 5.5 GHz 6 GHz
Three-layer model 0.4 0.22 0.54
Four-layer model 0.51 0.2 0.4

TABLE 2.3: SAR level of the proposed antenna at 5, 5.5, and 6 GHz (290 mW).

SAR (W/Kg) 5 GHz 5.5 GHz 6 GHz
Three-layer model 1.35 0.62 1.59
Four-layer model 1.5 0.6 1.2

The distance of the human model from the antenna is kept at 5 mm. The maximum limit of
SAR has been evaluated by different power levels. Tables 2.2 and 2.3 show the value of
average SAR over 1 g average for three-layer and four-layer human models at 100 and 290
mW power respectively. The maximum SAR value at three frequencies for 100 mW power
level is 0.51, 0.21, and 0.54 W/Kkg respectively. In comparison, the maximum SAR value
at three frequencies for 290 mW power level is 1.35, 0.62 and 1.59 W/Kg respectively. It
is observed from these tables that the SAR values at 5, 5.5, and 6 GHz are lower than the
standard maximum value of 1.6 W/Kg with input power up to 290 mW. Figure 2.12 shows
the simulated SAR distribution of the proposed antenna. The Figure 2.12 shows the SAR
distribution on different locations of the antenna when it is placed on three- and four-layer
models. The plots show that the maximum value of SAR (0.22 WI/kg) occurs at the

rightmost top corner of the antenna while it is lower at other locations of the antenna.

The SAR can be reduced by obstructing the propagation of radiations from the antenna

towards the human body. In this way, if the interaction between antenna radiations and the

human body can be lowered, the SAR value will get reduced. One of the simplest methods

to obstruct radiation from the antenna to the body is to placing the PEC sheet as the
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obstruction. However, placing the PEC sheet has the disadvantage as to form the
constructive radiation after reflection from the PEC, the distance of PEC sheet and the

radiating antenna should be 4, /2. For most applications, keeping PEC sheet 4,/2 away

might not be possible due to antenna size constraints. Another way is the introduction of
AMC. The benefit of the AMC is the unique property that it can be brought closer to the
antenna while it provides a similar reflection as the PEC sheet. AMC obstructs the radiation

going towards the body and hence the SAR value reduces [53].

SAR Field
[Wikg]

(b)

Figure 2.12: Simulated average SAR values; (a) three-layer model; (b) four-layer model at
5.5 GHz at the distance of 5mm for 100 mW power.
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Figure 2.13 shows the measured and simulated radiation efficiency of the proposed antenna.
The plot shows that the antenna achieves a measured radiation efficiency of more than 85%
for 5—-6GHz but 37% at 6.5GHz signifying that it is working as a better radiator at lower
frequencies than the higher ones. AMC structures are frequency-dependent structures so
moving away from the central frequency will distort the desired behaviour of the AMC. In
our case, the gain reduces at frequencies away from the central frequency (i.e., 5.6 GHz) of
AMC operation. The reduced gain at a higher frequency decreases the measured radiation
efficiency. Another reason for decreased efficiency might be the lossy substrate material

having a loss tangent higher than provided in the datasheet.
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Figure 2.13: Radiation efficiency of the proposed antenna.
2.4  Observations and Comparisons of Proposed Antenna with Existing Designs

The antenna performance of the proposed designed antenna has been discussed in this
section. Table 2.4 gives the comparison between related reference antennas published in the
literature [28-32, 37-39, 43-46, and 48-51] and presented antenna results.

From the table, it can be seen that the proposed antenna is not only compact, wideband with
low SAR but also gives the highest gain for a single antenna element among other existing

designs in the literature.
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Table 2.4 Comparison of the proposed antenna with other reported work based on AMCs.

Ref | Antenna Dimension (ho) Frequency Band | Gain | 1-g Averaged SAR
No.
(GHz unless (dBi) | (WI/KQg)
specified)
28 PIFA 0.5X0.11X0.096 2.4-2.49 2.5 -
4.19-6.1 3.2
29 PIFA 096X0.204X0.012 | 1.8 - 1.8GHz, hand=3.73
2.4 2.4GHz, hand=55.3
30 PIFA 0.84x 0.66 x .036 5.15-5.825 5.9 0.9307
31 PIFA 1.12X1.12X0.09 4.83-6.25 6 0.22
32 PIFA 1.06X0.048X0.044 | 470-771 MHz 3.5 -
37 PIFA with | 0.77X0.51X0.07 4.96-5.90 6.7 0.3699 @ 5.5 GHz
metasurface
39 PIFA With |0.18X0.37X0.0094 | 911-981 MHz -0.3 0.72
MDNC
substrate
43 Dipole with | 0.576X0.576X0.08 | 4.90-5.5 6.2 -
AMC 8
44 Patch with | 1.74X1.74X0.126 2.37-2.59 6 -
AMC
4.28-5.62 4
45 PIFA 0.3X0.12X0.004 850-952.4 MHz 2.32 2.08 @ 900 MHz
1750-1880 MHz 3.88 2.29 @ 1800MHz
46 PIFA 0.32XX0.170.004 | 900 MHz - 2
1800 MHz
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48 PIFA 0.12X0.06X0.000 | 0.9 1.6 0.247
9 1.8 3.95 0.899
49 AMC 1.70X1.13X0.06 4.30-5.90 6.12 0.37
Textile
antenna
50 Monopole 1.70X1.13X0.06 2.45 3.7 0.683
with AMC
51 PIFA - 4.6-7.55 1.3 -
This| PIFA with 0.91X0.55X0.05 4.8-6.7 7.6 0.22 (three-layer)
wor | AMC
0.2 (four-layer)
@ 5.5 GHz

2.5 Conclusion

In this chapter, a compact PIFA antenna with high gain and low SAR has been designed and
analyzed based on the AMC technique. The antenna performance enhancement in respect of
gain, SAR, and bandwidth by using AMC is performed for planar PIFA antenna. By
applying the AMC, the proposed antenna occupies a small area and provides wide
bandwidth and high gain. The proposed antenna has an impedance bandwidth of 4.8-6.7
GHz (33% with center frequency at 5.75 GHz) with a maximum gain of 7.6 dBi.
Furthermore, the undesired electromagnetic radiation towards the human body is analyzed
by SAR using three-and four-layer of the human tissue model. The value of SAR of the
proposed antenna is found to be lower than the IEEE standards which shows that the AMC
is reducing the SAR values. The SAR values for the proposed antenna with three-layer and
four-layer models are 0.22 and 0.2 W/kg in 1 g of tissue for 100 mW power, respectively.
With such desired radiation properties, it is concluded that the proposed antenna is suitable
for WLAN, C-band and especially for sub-6 5G applications if the proposed antenna is

combined with similar antennas to form a MIMO configuration.
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CHAPTER 3

Monopole Cavity Resonator Antenna using Artificial Magnetic Conductor

and Superstrate

3.1 Introduction

In the last chapter, the concept of artificial magnetic conductor (AMC) on PIFA antenna was
discussed for obtaining the high gain, wide bandwidth and low SAR. In the same chapter, the
idea of the AMC along with different superstrates which can be used in place of each other
without sacrificing antenna performance is also discussed for achieving high gain; therefore,

it provides the flexibility to designers to achieved high gain.

Conventional planar monopole antennas have low gain and might not be usable for many
applications due to it. While the use of AMC and superstrate is used for gain enhancements,
it has never been employed for planar monopole antennas in a single design. So, this low gain
problem was approached in a systematic manner. Hence, to achieve high gain, AMC as well
as superstrate for enhancing the forward radiation from the antenna is used to remove all these

shortcomings [75].

Literature survey reveals, based on the monopole antenna gain enhancement technique, there

are several research attempts to enhance the gain in monopole antenna [71-79].

Superstrate

‘ ‘ [ Antenna

Figure 3.1: Typical antenna with AMC and superstrate.
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A typical antenna with AMC and superstrate (see Figure 3.1) consists of AMC on one side of
the antenna and superstrate on the other side of the antenna. In this way, radiations from the
antenna are reflected from AMC and then are reradiated through superstrate by the Fabry-
Perot effect [75], [76]. The combined effect of AMC and superstrate creates an antenna with

a high gain if the design components are optimally designed.
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Figure 3.2: Design methodology of chapter-3 antenna.
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This chapter us arranged into three sections: (i) designed and analysis of metasurface
superstrate monopole antenna (Design-1), and (ii) low dielectric superstrate monopole
antenna (Design-2), (iii) high permittivity dielectric superstrate monopole antenna (Design-
3). Figure. 3.2 depicts the designed methodology of both the presented antennas in this

chapter.
3.2 Design and Analysis of AMC based Monopole Antenna
As a radiating element, a CPW-fed monopole antenna is used as shown in Figure 3.3. The

length of the monopole antenna is approximately /1% at a frequency of 3.5 GHz. The

dimensions of the antenna are as: h, =17 mm, w=3.2 mm, c=9.1 mm, n=0.3 mm, |, =10

mm. For substrate, FR4 with a thickness of t=1.6 mm with permittivity of 4.4 and loss

tangent of 0.02 is used.

.
,// N

Figure 3.3. CPW-fed monopole antenna.

To start the AMC design, first, the AMC central frequency is decided. For the design, the
AMC central frequency is 3.5 GHz. For AMC, a unit cell of 10 mm x 10 mm is used. Next,
electrically-small square shaped pixel of side 'a’ is printed at the center of the unit cell on the

grounded FR4 substrate with a thickness of t, =3.2 mm with permittivity of 4.4 and loss

tangent of 0.02 as shown in Figure 3.4. The unit cell with periodic boundary condition (PBC)
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is also shown. For simulation purposes, the Floguet port is applied for the calculation of the

reflection phase and magnitude.

Next, the side of the square pixel 'a' is optimized so that periodic unit cell simulation gives
a reflection phase of 0° at desired 3.5 GHz. In Figure 3.4 (c), we can see that when the side

of the pixel, a=9.58 mm, the reflection phase is 0°.

d

PBCé

Ground<«—

(a) (b)

Phase (degree)

2 3 4 5
Frequency (GHz)

(©

Figure 3.4: AMC unit cell: (a) top view; (b) isometric view; (c) reflection phase.
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The geometry of the proposed low permittivity dielectric superstrate antenna is illustrated in
Figure 3.5. In this structure, the monopole antenna is printed on FR4 substrate of dimensions
[,(30 mm) X w,(22 mm) X t,(1.6 mm) with &, = 4.4 and loss tangent = 0.02. The antenna
comprises the rectangular shape of dimension h,, x w fed by CPW whose dimension is given

asc (9.1 mm) X [3(10 mm).

AMC as compared to PEC for reflection has the benefit that it can be placed near to a radiating
antenna to enhance forward radiation. For our design, we place AMC touching the dielectric
of the CPW-fed monopole antenna as shown in Figure 3.5. In the design, we use a grid of

5x5 AMC cells, designed earlier, to keep the overall antenna size small.

It is important to note here that mostly AMC is placed a little away from the radiating element
for a better impedance match. But, putting AMC away from the antenna poses the threat of
breakage of the whole antenna system if it is not handled well. Mostly foam is used to maintain
the separation between AMC and radiating element and this separation distance has to be
maintained well. In our design, we circumvent this problem by bringing AMC close so that
there is no separation between AMC and radiating antenna, and in this way our design is more
rigid and robust.




(b) (c)

Figure 3.5: AMC with CPW-fed monopole antenna; (a) Dimensions; (b) exploded; (c) side

view.

Figures 3.6 and Figure 3.7 show the S-parameters and gain (at 8 =07, =0?) for monopole

antenna with and without AMC to see the effect of AMC. From these figures, we see that the
application of AMC reduces the impedance bandwidth but increases the gain of the composite
structure. Impedance bandwidth reduces due to the loading of the antenna by AMC. It is

evident that the AMC increases the gain of the antenna by more than 5 dB.

Rl — Monopole Antenna i
— Monopole Antenna+AMC
—— Monopole Antenna+AMC+Low dielectric superstrate
-40 : : :
3 3.2 34 3.8 4

3.6
Frequency (GHz)

Figure 3.6: Simulated S-parameters of monopole antenna.
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Figure 3.7: Simulated realized gain of the monopole antenna.
3.3 Design of Superstrate based Monopole Antenna

Once the AMC is designed, work on superstrate design is progressed. For typical superstrates,
mostly metasurface substrates are used. In current work, it shows three designs of superstrates
that can be used in place of each other and have similar properties. The reason to come up
with three designs is to give flexibility to the designers so that they do not have to depend on
one method for substrate design. It also gives the flexibility to choose the most economical
superstrate. We will also see later that two of these substrates can also be directly 3D printed
and do not need cumbersome PCB etching for its design in line with [77-79]. The superstrate
helps to create a cavity effect in line with the Fabry-Perot effect [75-76] and its transmission
and reflection behaviour decides the overall gain from the antenna. A Cavity is formed on one
side by AMC and on the other side by superstrate. Three superstrates created and then
compare their properties to see if they provide a similar response. Metasurface superstrate is
also studied in a similar way as AMC but, instead of just reflection as is the case in AMC, its

transmission behaviour is also studied when it is combined with an antenna [75-76].
3.3.1 Design and Analysis of Metasurface Superstrate Monopole Antenna

In this case, a metasurface superstrate with 1.6 mm thickness and permittivity of 4.4 is used.

The metasurface superstrate comprises a 5x5 grid of metallic square patches with sides of
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7.26 mm. The metasurface superstrate layer is placed above the antenna with an air gap of

21.4 mm i.e., at 1/4 as shown in Figure 3.8 (a).

(a)
3.3.2 Design and Analysis of High Dielectric Superstrate Monopole Antenna

This superstrate needs a high dielectric material of permittivity of 16.1. The high dielectric
superstrate with 1.6 mm thickness is placed above the antenna with an air gap of 21.4 mm
I.e., /4. This superstrate needs high dielectric material to enhance the gain of the antenna as

shown in Figure 3.8 (b).

(b)
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3.3.3 Design and Analysis of Low Dielectric Superstrate Monopole Antenna

In this case, a low dielectric superstrate with 8 mm thickness and permittivity of 4.4 is placed

above the antenna with an air gap of g, =21.4 mmi.e., /4 as shown in Figure 3.8 (c)

(©)

B s R ate

t3

round Plane

(d)
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8p

L] s

AMC

(€)

Figure 3.8: Antenna with different superstrates: (a) metasurface superstrate; (b) high dielectric
superstrate; (c) low dielectric superstrate; (d) low dielectric superstrate layered structure; (e)

low dielectric superstrate antenna side view.

All three superstrate designs have been simulated and analyzed by considering an equivalent
dielectric method as described in [77-79]. Next, we place superstrates one-by-one on the
antenna and then compare their characteristics. The comparison of S11 of the three superstrate
antenna designs is shown in Figure 3.9. It is evident that the Si1 of the three superstrate
antennas are nearly similar and resonate at 3.5 GHz. It is observed from Figure 3.10 that the

gains of the three superstrate antennas are nearly similar to each other.

20— Low dielectric superstrate
— High dielectric superstrate

—— Metasurface superstrate

3 3.2 3.4 3.6 3.8 4
Frequency (GHz)

Figure 3.9: Comparison of simulated S, of the three superstrate antennas.
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Figure 3.10: Comparison of simulated gain of the three superstrate antennas.

The three superstrate design simulations show that the gain of the proposed antenna can be
increased by applying any of the superstrates. The high dielectric superstrate has a high value
of permittivity i.e., 16.1 which is expensive and not easily available. Metasurface superstrate
requires 5x5 metallic square patches to enhance the gain of the antenna. Low dielectric
superstrate with 8 mm thickness has a permittivity of 4.4 which achieves the same gain as

compared to high dielectric and metasurface superstrate antennas.

To get the insights into how all three superstrates have similar properties, the following

alternate methods for analysis is shown [75-76].
3.4 Transmission/Reflection Analysis of Superstrates

We create periodic unit cells for all three superstrates and analyze these unit cells separately
[78]. For this analysis, a unit cell of size 10 mm x 10 mm is used. Figure 3.11 shows the
reflection and transmission behaviour of unit cells of three superstrates. By this comparison,
we can see that all the superstrates show similar reflection and transmission characteristics.
When a superstrate is used over the antenna, its transmission, as well as reflection behaviour,

determines the cavity formation by the superstrate and ground near the radiating antenna. If
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their reflection/transmission response is the same, they can be replaced with each other to get

similar radiation characteristics from the antenna.
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Figure 3.11: Simulated S-parameters and phase of the superstrate unit cell (a) S11 magnitude;

(b) S11 phase; (c) S21 magnitude; (d) S21 phase.
3.5 Near Field Behaviour of Three Antenna Systems

To check the efficacy of the superstrate, we also analyze the near field behavior of three
antenna systems previously shown in Figure 3.8. For this analysis, we take a horizontal line
in the middle of the antenna and study the near field on this line as in [77]. For this analysis,
the dominant electric field (here Ex in our case) is taken and analyzed on the surface of a line

above the superstrate. The field measurement line is placed 1 mm above the superstrate to
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calculate the Ex magnitude and phase. The superstrate should create uniform fields on top of

the superstrate signifying that a near field with a uniform phase will create constructive

radiation giving higher gain in presence of the superstrate. Dominant Ex field magnitude and

phase values on the line are shown in Figure 3.12 (a) and Figure 3.12 (b). From the phase

plot, we see that the phase is straightened in the case when a superstrate is present. It means

that the near field will add constructively and that gives higher gain. Similar behaviour is

observed when the measurement plane is used instead of a line for measuring the near fields

as shown in Figure 3.12 (c-f). Straight horizontal phase lines in Figure 3.12 (b, d, f) show that

the phase has been corrected by the introduction of superstrate and makes the radiating field

converge and hence gives higher gain.
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Figure 3.12: Near field performance of the proposed antenna: (a) E-field magnitude on a line;
(b) E-field phase on a line; (c) E-field magnitude without superstrate on a plane; (d) E-field
magnitude with superstrate on a plane; (e) E-field phase without superstrate on a plane; (f) E-

field phase plot with superstrate on a plane.
3.6  Parametric Analysis

The parametric study is conducted to obtain the optimized dimensions of the antenna. The air
gap between the antenna and superstrate, g, is analyzed against the performance of the

proposed low dielectric superstrate antenna. The performance of the antenna against g, is

shown in Figure 3.13. It is depicted in Figure 3.13 that the S, is sensitive to the variation of

9p-

For desired central frequency and bandwidth, the optimized value of g is chosen to be 21.4

mm.

Out of three superstrate antenna choices, we fabricate the thick dielectric superstrate to check

how good simulated results match with measurements of the fabricated antenna.
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Fig. 3.13. Simulated S,; of the proposed antenna with different g, .

3.7 Simulated and Measured Results

The different properties of the fabricated antenna shown in Fig. 3.14 are measured using the

vector network analyzer and anechoic chamber.

The simulated and measured S, of the proposed antenna is shown in Fig. 3.15. It can be seen

that the simulated and measured impedance bandwidth of the proposed antenna is from 3.4-

3.6 GHz and 3.2-3.75 GHz respectively. The simulated S,; of the proposed antenna has good

agreement with the measured results. The fabricated antenna has wide impedance bandwidth
for WiMAX and 5G applications.
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(a) (b)

Figure 3.14: Fabricated proposed antenna: (a) top view; (b) bottom view; (c) antenna under

measurements in an anechoic chamber.
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Figure 3.15: Simulated and measured S,, of the proposed antenna.

The radiation performance of the antenna is studied with simulated and measured radiation
patterns at 3.5 GHz as shown in Figure 3.16. Red color lines are co-polarized and black color
lines are for cross-polarized gain values. Continuous lines are for simulated values while the
dotted lines are for measured values. It can be noted from the figures that the antenna has

good cross polarization response.
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Figure 3.16. Simulated and measured radiation patterns at 3.5 GHz. (a) @ =0 cut (b) ¢ =90° cut.

Figure 3.17 shows that the simulated and measured gains are 7.3 dBi and 7 dBi at 3.5 GHz

respectively. It is observed that simulated gain matches measured gain closely.

60



— (Sim.)
- = (Mea.)

Realized gain (dBi)
O = N W b OO N 00 W O

3.2 3.4 3.6 3.8 4
Frequency (GHz)

w

Figure 3.17: Simulated and measured gain of the proposed antenna.

Figure 3.18 shows the simulated as well as measured radiation efficiency of the proposed
antenna. Imperfect fabrication, material properties not matching with their datasheet values
and imprecise measurements may have led to difference in measured and simulated results. It
can be noted from the figure that the antenna is moderately efficient. The efficiency can be
increased if materials with smaller losses are used. But in the current design, we wanted to
keep the cost of the antenna low so FR4 was used instead of costlier dielectrics with low loss

tangent.
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Figure 3.18: Efficiency of the proposed antenna.

3.8 Observations and Comparisons of Proposed Antenna with Existing Design

The performance of the proposed designed antenna has been discussed in this section. Table
3.1 gives the comparison between related reference antennas published in the literature [63,

64, 68, 71, 74] and presented antenna.

Table 3.1 shows the comparison of different antennas in literature and the proposed antenna
in this work. We can see that the proposed antenna has the highest gain compared to other
antennas while its size is also very competitive. With these characteristics, this antenna can
be used for WiMAX. It can be a good candidate for 5G if used with similar antennas in MIMO

configuration.

Table 3.1 Comparison of the proposed antenna with other reported work

References Size (%) Bandwidth Realized Gain
(GHz) (dBi)
[63] %X 0.82 X 0.24 2.38-2.54 3.9
(6 %)
(/4 % 3° x 29 mm?)
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[64] - 2.15-4.6 3.7-5.46
(72 %)

[68] 0.32 x 0.32 x 0.025 1.98 - 2.08 3.7
(42.8 x 42.8° x 3.57 mm’) | (4.9 %)

[71] 1.12 x 1.12 x 0.09 4.83-6.25 6
(61.1 X 61.1 X 4.9 mm’) (12 %)

[74] 4.05 x 4,05 x 1.21 5.71-5.87 6.8
(100 x 100 x 31.6 mm?) (2.7 %)

This Work 1.22 x1.22 x 0.798 3.2-3.75 7

(Design 3) (50 X 50 X 32.6 mm?3) (15.8 %)

3.9 Conclusion

In this chapter, a coplanar waveguide fed monopole antenna over an artificial magnetic
conductor with three different superstrates is designed. The performance of the proposed

antenna with three different superstrates was studied and an antenna-AMC composite was

fabricated with one of the superstrates.

Design -1 is based on a metasurface superstrate placed over the AMC-based monopole
antenna where the grid of 5x5metallic square patches is printed on the dielectric. The

proposed metasurface superstrate increased the gain of the antenna, however, such type of

material fabrication is not easy.

Design-2 is based on a high dielectric superstrate over the AMC-based monopole antenna.
The proposed high dielectric superstrate increases the gain of the antenna however, these

63




materials are either not available commercially-off-the-shelf or are very expensive compared

to traditional dielectrics.

Design-3 is based on a low dielectric superstrate over the AMC-based monopole antenna. The
low dielectric superstrate AMC-based monopole antenna increases the gain of the antenna.
The low dielectric superstrate is cheap and easily available. In this way, we discussed three
different superstrates and discuss how they can be used in place of each other without
sacrificing the antenna performance. Finally, one of these three superstrates is fabricated with

the monopole and AMC combination.

Its performance in terms of gain, S11, and radiation pattern have been simulated and measured.
The proposed antenna operated in the 3.2-3.75 GHz band, which achieved a high gain of 7
dBi and can be used for 5G and WiMAX applications.
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CHAPTER 4

Metasurface Superstrate Beam Steering Antenna with AMC

4.1 Introduction

In the last two chapters, the concept of the artificial magnetic conductor (AMC) and
superstrate techniques was proposed and discussed. Based on these concepts, the high gain
has been achieved in different antennas i.e., PIFA as well as a monopole antenna.

Conventional antennas cannot be used for 5G until they have the capability of beam steering.
In 5G, the beam steering capability of the antenna plays the main role for efficient coverage to all

users.

Literature reveals, based on the monopole antenna achieving beam steering technique, there
are many published research attempts to beam steering in antenna [85-98]. The waffle and
waffle iron waveguides used obtained beam scanning of 107 but it makes the design bulky
and fabrication is also complex [85]. However, Birefringent Prisms achieved beam scanning
but it has the limitation of beam walkof [87]. The optical phased array on silicon-on-insulator
which achieves 2.3° at a wavelength of 1550 nm and 14.1° steering whereas the cost is high
and has a complex design [89]. The limitation of complicated design can also be overcome
using a grid of 5x 5 electrically small rectangular-shaped metallic pixels on the upper layer of the

parasitic layer which are connected by switches [89].

In this chapter, we explore a beam-steering antenna based on a non-uniform metasurface
superstrate and AMC as beam steering with low scan loss is going to be a necessity for 5G

communications.

Figure 4.1 gives the designed methodology of the presented antenna in this chapter.
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Figure 4.1: Designed methodology of the chapter-4 antenna.
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4.2  Geometry of the Proposed Antenna
4.2.1 Design of CPW-fed Monopole Antenna

The radiating element, CPW-fed monopole antenna, geometry is shown in Figure 4.2. Due to
the simple design and single side design on the substrate, this radiating element is selected for
this research. For design, the length of the monopole antenna is denoted as I, and width is
denoted by W. The monopole antenna is fed through a 50 £2 SMA connector. The antenna is
fabricated on an FR4 (&, = 4.4,tan 6 =0.02) substrate with a thickness of 1.6 mm. The other
dimensions of the antenna are given as: L, =35W, =22,1=16.7,m=9.1,g =0.3,], =10 (all

dimensions are in mm).

Wp

Figure 4.2: Proposed CPW fed monopole antenna.
4.2.2 Design of AMC for CPW fed Monopole Antenna

The center frequency of AMC operation is chosen to be 3.5 GHz. A unit cell of periodicity
10 mm x 10 mm is used for AMC design. Square-shaped metallic patches of side 'a’ are
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printed at the center of the unit cell on FR4 substrate as shown in Figure 4.3 (a). The substrate
has a thickness, h: = 3.2 mm with permittivity of 4.4 and a loss tangent of 0.02. For analysis
of AMC, the periodic boundary condition (PBC) is used. It facilitates quick results instead of
simulating the large structure of AMC. By using PBC, shown in Figure 4.3 (b), the reflection

phase is calculated by simulation with the help of Floquet port excitation.

In order to ascertain that the AMC is indeed working on desired 3.5 GHz, a unit cell simulation
with the variable side of the square pixel, a, is run and an attempt is made so that the reflection
phase is 0° at desired 3.5 GHz. From Figure 4.3 (c), we can see that when the side of the pixel,
a, 15 9.6 mm, the reflection phase is 0°. Henceforth, we will use AMC made of unit cells with

a =9.6 mm to use with the monopole antenna discussed earlier.
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Figure 4.3: AMC design for proposed CPW fed monopole antenna, (a) top view of AMC,
(b) isometric view of AMC, (c) reflection phase behaviour of the AMC.
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4.2.3 Design of Composite CPW fed Monopole Antenna with AMC and Superstrate

In the previous section, AMC is designed. Next, place AMC is placed underneath the antenna
substrate as shown in Figure 4.4 so that the AMC enhances the radiation in the forward
direction, i.e., along vertically up direction. It can be seen from Figure 4.4 that a grid of
5 x5 AMC unit cells is placed under the monopole antenna. It is well known that the
superstrate can be used to increase the gain of the antenna [24, 25, 26, 27]. Mostly, the
superstrate used for enhancing the design is either in the form of uniform pixels or pixels
whose size changes radially out from the center of the superstrate. In such applications, the
primary role of superstrates is to work in Fabry-Perot configuration and enhance the gain of
the antenna element. In this research, we have a dual purpose of the superstrate. On one hand,
we want to modify the gain of the antenna and on the other, we want to steer the beam
emanating from the antenna in the desired direction. This type of beam steering is very
important for upcoming 5G systems. Figure 4 (a) shows the geometry of the proposed
superstrate which comprises of metallic patches of different sizes from a,to a,,. The

dimensions of the proposed superstrate are given in Table 4.1.

In order to steer the beam in a direction away from the broadside, there should be phase
variation for waves emanating from different locations of the superstrate. This phase-varying
behavior is provided by a nonuniform metasurface printed on the dielectric substrate acting
as a superstrate. For this purpose, the size of the unit cells of the superstrate increases
monotonically from one edge to another of the superstrate as shown in Figure 4.5 (a). In this
way, the superstrate will help to steer the beam in an off-broadside direction. If this superstrate
sends the beam in +0, rotating the superstrate by 180°, taking the z-axis for rotation, will help
to send the beam in the -0 direction. In order to send the beam in the broadside direction, the
superstrate is removed. To ease the rotation, the interchange of the superstrate may be
accomplished by a mechanical solution. In this way, this design can be said to be
reconfigurable. However, the speed of beam steering will depend upon how quickly the

mechanical motor can help to rotate or remove the superstrate.

Figure 4.5 (b) shows the layered structure of the proposed CPW fed monopole antenna with
AMC and superstrate with different views. The fabricated prototype of the proposed antenna

is shown in Figure 4.6.
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Figure 4.4: CPW fed monopole antenna with AMC.

Table 4.1 Patch dimensions (in mm) used in metasurface superstrate.

a1 az as a4 as as ar as g aio
0.125 | 0.25 0375 | 0.5 0.625 | 0.75 0875 | 1 1.125 | 1.25
ai ai2 ais ai4 ais aie a1z ais aig a2o
1375 | 15 1625 | 1.75 1875 | 2 2125 | 2.25 2375 | 25
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Figure 4.5: CPW fed monopole antenna with AMC and superstrate. (a) layered structure, (b) side

view.

(I, =50,W, =50,h =3.2,h, =1.6,h, =1.6,9g =0.17,9, =7.2, all dimensions in mm)
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(a) (b)

(c)

Figure 4.6: Prototype of the proposed CPW fed antenna with AMC and superstrate, (a) top

view, (b) side view, (c) antenna in an anechoic chamber for measurement.
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4.3 Parametric Analysis

The parametric studies of the dimensions of the monopole antenna, the gap between antenna
and superstrate has been carried out to achieve good impedance matching and desired

frequency band.
4.3.1 Length of Monopole Antenna

The length of the monopole antenna, 1, is varied from 20 mm to 30 mm with the step size of
5 mm. As shown in Figure 4.7 (a) the reflection coefficient S, ;is lower than -10 dB for desired
frequency bands. It can also be observed that the S11 resonance moves to a lower frequency

as the length of the monopole increases.
4.3.2 Air Gap Between Antenna and Superstrate

The gap between antenna and superstrate is varied from 4.2 mm to 10.2 mm with a step size
of 3 mm. It can be seen from Figure 4.7 (b) that there is hardly any effect of varying the gap
on the antenna performance. In this way, the antenna will give almost the same results even

if the gap changes due to slight mishandling of the antenna.

0 T T T T 0

5L

-10 ¢ 40}

a ] —_
S sl ] g
- A5}
-
)] u)‘-
-20 ¢ 1 20 1 _gp=10.2mm
251 = |=20 mm 1 25| = _gp=7.2 mm
— =25 mm
—g =42mm
=+ |=30 mm
-30 : : - : -30 : : :
3 3.2 34 36 38 4 3 3.2 34 36 38 4
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 4.7: Parametric analysis of the antenna using: (a) monopole antenna length I’; (b)

gap between antenna, and superstrate ‘g,,’.
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4.4 Simulated and Measured Results

All the simulations in this work are conducted using Ansys HFSS, a full-wave simulator. The
simulated S-parameter comparison of the monopole antenna, monopole antenna with AMC,

monopole antenna with AMC, and superstrate is shown in Figure 4.8.

- Monopole Antenna

-30 = Monopole Antenna+AMC :
— [Monopole Antenna+AMC+Superstrate
-35 1 1 1 1
3 3.2 3.4 3.6 3.8 4

Frequency (GHz)

Figure 4.8: S-parameter comparison of the monopole antenna with AMC and superstrate.

The comparison of the realized gain for monopole antenna with AMC and superstrate is
shown in Figure 4.9. It can be observed that there is a 3.84 dBi increment in gain after applying
AMC on the monopole antenna. Furthermore, when the superstrate is applied, the gain of the
antenna is 5.5 dBi at 3.5 GHz.
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Figure 4.9: Realized gain comparison of the monopole antenna with AMC and superstrate.

In order to get insights into the working of the superstrate, near field behaviour is very helpful.
The far-field pattern, being the Fourier transform of the near-field pattern, can give a better
understanding of how the superstrate is changing the near field that will eventually change
the far-field characteristics. To accomplish it, a vertical plane in the center of the antenna is
placed on which the dominant component of the near field is studied. In our case, Ex is the
dominant electric field as the monopole is aligned along the x-axis. In Figure 4.10 and Figure
4.11, Ex magnitude and phase behavior in the absence and presence of the superstrate are
shown. It is evident from Figure 4.10 (a) and Figure 4.11 (a) that the placement of the
superstrate confines the fields and hence shows slightly higher field magnitude in the case of
the superstrate. It is also evident from Figure 4.10 (b) and Figure 4.11 (b) that due to placement
of the superstrate, the direction of the equi-phase front changes. The phase front is changed

towards the left, signifying that the outward radiation is expected towards the left side when
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the superstrate is placed. From these figures, it is easy to understand that the absence or

presence of the superstrate decides the beam steering direction.
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Figure 4.10: Near field performance of the antenna in absence of superstrate (a) E-field

magnitude on a plane, (b) E-field phase on a plane.
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Figure 4.11: Near field performance of the antenna with superstrate (a) E-field magnitude on

a plane, (b) E-field phase on a plane.

After getting the desired radiation properties, the prototype of the antenna is fabricated as
shown in Figure 4.6. The proposed antenna is tested using an R & S ZNB40 vector network

analyzer and anechoic chamber for its properties.
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The simulated and measured S-parameters of the antenna are shown in Figure 4.12. For

acceptable performance, the proposed antenna needs to provide good reflection coefficients,

|511| , in the desired frequency band. From Fig. 12, it is evident that the fabricated antenna has
|S,,| <—-10dB over the frequency band of 3.1-3.7 GHz. The simulated and measured S-

parameters are in good agreement. The fabricated antenna has wide impedance bandwidth for
5G, WIMAX, and WLAN applications.

— With FSS
-30 [ = without FSS
— With FSS (Mea.)

1 1 1

3 3.2 3.4 3.6
Frequency (GHz)

Figure 4.12: Measured and simulated S, of the proposed antenna.

Figure 4.13 shows the radiation pattern of the proposed antenna for ¢=0° cut. The non-
uniform superstrate was designed to steer the beam in 6=+18°. The superstrate needs to be
mechanically rotated or removed depending upon the desired steering beam direction. While,
currently, we manually operated of mechanically placing and removing the superstrate but the
superstrate can be moved by mechanical motor to automate this operation. This type of
mechanical movement of a superstrate is simple and can be easily accomplished by
mechanical motors. It can be seen from Figure 4.14 that the beam scans in £18° and 0° in

elevation directions in presence of superstrate and in absence respectively. It is also interesting
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to note that the antenna does not show sidelobes in this plane. The realized gains at these
steered angles are 5.5 dBi signifying that the antenna shows almost zero scan loss for £18°

scanning angles.

0
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-

= -10

O
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N
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oc -20 , o
= With FSS (6=-18")
— With FSS (8=18")

-25 ' ' ' - '

-180 -120  -60 0 60 120 180
Theta (degree)

Figure 4.13: Radiation pattern in absence and presence of superstrate.

The proposed antenna radiation patterns (co- and cross-polarization) are measured in an
anechoic chamber at 3.5 GHz as shown in Figure 4.14 and Figure 4.15. In these figures, co-
polarization is shown by red lines and cross-polarization by black lines. It is evident from
Figure 4.14 and Figure 4.15, that the antenna has very low cross-polarization components.

The simulated and measured results are also in good agreement.
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Figure 4.14: Simulated and measured radiation pattern of the antenna without superstrate,
(a) @=0° cut (b) »=90° cut.
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Figure 4.15: Simulated and measured radiation pattern of the antenna with superstrate, (a)

¢=0° cut (b) =90°

cut.

Figure 4.16 shows the simulated and measured gain of the antenna with and without

superstrate. It is observed that the gain of the antenna in both cases is 5.5 dBi at 3.5 GHz. The

simulated and measured values are also in good agreement.
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Figure 4.16: Peak realized gain of the antenna when the beam is steered in different directions.
4.5 Observations and Comparisons of Proposed Antenna with Existing Design

This section explores the antenna performances of the proposed antenna and compares them
with other published work based on the beam steering techniques. Table 4.2 shows the relative
comparison among the related reference antennas which have been published in the literature
[85-90, 93-94, and 95] and proposed antenna. Most of the researchers were used phased
arrays, Birefringent Prisms, lumped capacitances, and electronic switches to achieve beam

steering but it increases the complexity and cost of the design.

The performance of the proposed designed antenna has been discussed in this section. In Table
4.2, all existing designs are compared with the current work. It is evident from Table 4.2 that

the proposed antenna gives a good beam steering with a compact design.
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Table 4.2 Comparison of present work with the previously published antennas

Ref Antenna type Size (13,) Frequenc | Realized Beam
y band gain (dBi) scanning
(GHz2)
(Degrees)
[90] Phased array and 3.1x3.1 55t05.7 | 12 +15°
reconfigurable %X 0.55
PRS structure
[93] Parasite patches 1.56 x 0.63 2.45 5-8 +15°
and lumped x 0.013
capacitances
[94] Parasitic phased 0.30 x 0.78 1 7.4 +15°
array antennas x 0.005
[95] Tunable parasitic 0.49 x 0.49 2.43-2.47 | 3.36 +40°
x 0.0013
This Metasurface 0.58 x 0.58 3.1-3.7 5.5 +18°
Work | monopole Antenna x 0.16

4.6 Conclusion

In this chapter, a non-uniform metasurface superstrate is utilized over the AMC-based

monopole antenna to obtained beam steering operating at 3.5 GHz (3.1-3.7 GHz). The

proposed antenna structure consists of a top layer of non-uniform metasurface superstrate

made of a 20 x 20 grid of electrically small square-shaped metallic pixels while the bottom

part consists of AMC with a grid of 5 x 5 pixels. The radiating element, CPW-fed monopole
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antenna, is placed between AMC and the superstrate. The antenna can steer the beam along 6
=-18° and 18° in elevation while maintaining a uniform gain of 5.5 dBi with the non-uniform

superstrate and along 6 = 0° in the absence of the superstrate with almost zero scan loss.

The antenna due to these qualities is an ideal candidate for 5G, WiMAX, and WLAN

applications.
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CHAPTER 5

Wideband Slotted Planar Inverted-F Antenna using Eccosorb
MCS Absorber for Millimeter-Wave Applications

5.1 Introduction

The concept of artificial magnetic conductors (AMCSs), superstrates, uniform metasurface
superstrates, and non-uniform metasurface superstrates was addressed in the last chapters.
Still, all the above techniques lag the wide bandwidth for 5G communication. But, higher
bands of frequencies provide wider bandwidth and can be used for beamforming. The mm-
wave band, which has an unused wide spectrum, is a potential possibility in this regard.
Researchers are looking into the mm-wave band for future fifth-generation (5G) antennas to
avoid some of the concerns mentioned above [99].

In this chapter, radiation pattern transformation with wide band and high gain has been
explored. The RF absorber (Eccosorb MCS) is used to improve the performance of the

antenna in terms of pattern transformation, wide band, and high gain.

In literature, various structures have been proposed which are either embedded inside the
antenna or used as a cover over the antenna to achieve high gain, radiation pattern
transformation, or wideband operation. The distorted radiation pattern at mm-wave is
improved by stacking of six pieces of the substrate, placed in a radome [101]. However,
radiation pattern improvement is carried out by conducting post around the slots which
supress the surface wave and remove the ripples from E-plane [109]. The high impedance
surface (HIS) suppress the surface waves which enhance gain and obtained wide bandwidth
in [110]. Various research articles are presented including phased array, MIMO, parasitic
patches, metasurfaces, substrates to obtain radiation pattern transformation, high gain and
wide bandwidth [99-106].

To achieve high gain and wide bandwidth, Feng et al. a proposed a layer of three substrates

is provided, with the top superstrate consisting of 77 square patch cells meta surface [112].
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In this chapter, we explore a radiation pattern transformation technique of the slotted planar
inverted-F antenna (PIFA) using an Eccosorb MCS absorber. Figure 5.1 gives the designed
methodology of the presented antenna in this chapter.

[ Design Methodology J

1
| ,

Design 2 ]

[ Design 1

|
|

Antenna

J [ Slotted Absorber loaded PIFA

|

! !

/_ \ /— Design Approach

Design Approach i) Antenna Design
l] Antenna D?SIEH ii) Antenna evolution
ii) Two shorting plates iii) Absorber loading
1ii) Effect of air gap between iv) Effect of slot length and
antenna and substrate width

(S "

-

~
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//_ \ /_Adv:mtage

i) Low profile
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i) Millimeter Wave iii) High Gain
Applications v) Millimeter Wave

Applications

_ Y -

Figure 5.1: Designed methodology of the chapter-5 antenna.
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5.2 Design of Slotted PIFA Antenna

Figure 5.2 shows the proposed slotted planar inverted-F antenna design. The antenna
is designed on a 1.6 mm thick RT/Duroid substrate with 20 mm (L, )x10 mm (W, ). The

patch's dimension are 0.904,x0.724,x0.324, ( Ao at 27.3 GHz). The laminate used has a

relative permittivity of 2.2 and a dielectric loss tangent of tan (§) = 0.0009 and is separated
by a 0.035 mm thick patch.

P=0.18 o is the air gap between the patch and the substrate whereas SHj is the narrow plate
and SH> is the wide shorting plate. The narrow shorting plate is soldered to one end of the
radiator to the ground at a distance of F1 and the wide shorting plate is soldered to another
end of the radiator at a distance of F2 from the feed position. The impedance of the antenna
is maintained by the distance between both shorting plates and feed. The 2.92 mm N-type

connector is used to feed the top copper radiator. Figure 5.2 (a) shows the two slots (I, xW,)
etched on the radiator and two stubs S,, S, (0.27 kox0.045 Xo) which help to improve

impedance bandwidth and affect the return loss.

—X

W * SH:

(@) (b)
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SH2

(©)

Figure 5.2: Geometry of the proposed slotted PIFA antenna (a) top view of the slotted patch,
(b) side view (c) 3D view of the antenna.

Figure 5.2 depicts the proposed antenna’s optimal parameters i.e., L, =0.904,, W, =0.724,
, W=20mm, X,=3mm, X,=2mm,a=2mm, X,=3 mm, W, =15 mm, | =6mm,t

=25mm, F,=6.4 mmand F, =8.6 mm, respectively.

5.3 Design of Eccosorb MCS Absorber Slotted PIFA Antenna

Figure 5.3 depicts the absorber-loaded slotted PIFA antenna geometry. On the top and bottom
parts of the substrate, four strips of elastomeric microwave absorbers are loaded. The

absorber's relative permittivity is &, =15 and the loss tangent is tan(o) = 0.002 . The absorber
loaded PIFA antenna has a dimension of 3.44,x2.74,x1.24 and a thickness of 1 mm. The
two absorber strips are placed above the substrate with “Y,' space between them. The

remaining two strips are positioned near the other edge of the substrate, on the bottom part of

the substrate with a gap of * X, ’.
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Eccosorb NMCS absorber

Eccosorb MCS absorber
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Eccosorb MCS absorber
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Figure 5.3: Geometry of the absorber loaded PIFA antenna (a) top view of the substrate, (b)

bottom view (c) side view (d) front view (e) 3D view L, =20, W, =10,

Y,=1Y,=2,n=0.5, X, =1m=1.5, units in mm).
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5.3.1 Evolution of the Absorber Loaded Slotted PIFA Antenna

Figure 5.4 and Figure 5.5 demonstrate how the absorber loaded slotted PIFA antenna was
designed from the slotted PIFA antenna to obtained miniaturization and wideband operation.
The Antl starts with a narrow shorting plate where SH1 connects the top radiator's narrow
strip to the ground plane. The distance between the feed and the shorting plate determines the
antenna's impedance bandwidth of 4.31 GHz, which covers the 26.31-30.63 GHz band. The

antenna's impedance was determined to be Z = 66.4+j3.3.

SHj is removed for better impedance matching, and SH; is shorted to the broad side of the
patch with a wide-width shorting plate. The bandwidth of 4.67 GHz is achieved because of the
wide-width shorting plate. The Ant2's impedance is Z = 54.7-j7.9. Two shorting plates are
shorted at both ends of the patch to the ground after two steps of the antenna evolution. Ant3
has a 53.9-j10.4 antenna impedance and a 3.48 GHz operational bandwidth, which covers the
27.22-30.7 GHz band. The final design, Ant4, evolved which resonates at 27.3 GHz, and
covering an 18.22-33.22 GHz band with a 15 GHz bandwidth. The proposed Ant4 has an

impedance of Z = 56.6+j3.4 and maintains S,, <-10 dB impedance matching throughout the

band.

(@ Antl (b) Ant2
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(c) Ant3 (d) Ant4

Figure 5.4: Evolutions of the proposed absorber-loaded slotted PIFA antenna.
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Figure 5.5: S-parameters of evolved proposed absorber-loaded slotted PIFA antenna.
5.4 Parametric Analysis of the Absorber Loaded Slotted PIFA Antenna

A parametric analysis is used to investigate the impact of parameter modification on the
antenna's performance. The high-frequency structure simulator is used to do the antenna's
parametric analysis (HFSS).
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The slot length is changed from 5 to 7 mm, but the other parameters X3, Xz, X3, X4, Lp, Wh,
S1, So, t, W, F1, F2, n, m, Y1, Y2, g1, g2 are kept unchanged. Figure 5.6 (a) demonstrates that
increasing the slot length reduces the return loss at various frequencies and increases the
overall impedance bandwidth. The slot length of 6 mm is thought to be acceptable for the

structure that provides the requisite wideband.

The width of the both slots, W, is also altered at discrete values of 1.1 mm, 1.5 mm, and 1.9
mm, while the rest of the parameters remain fixed. As demonstrated in Figure 5.6, the 1.5 mm
slot’s width gives the widest bandwidth when compared to the other width of the slots (b).
The lengths of both stubs S, S affect the antenna’s impedance, which is not depicted here for
simplicity.

=0l )
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e | 25t
S —
=25 @ 30
w L
30+ S35+
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(a) (b)

Figure 5.6: Parametric analysis of the proposed antenna (a) slot length and, (b) slot width.
5.5 Simulated and Measured Results

Figure 5.7 shows a photograph of the fabricated proposed antenna. Simulated and measured
results are used to demonstrate the antenna's performance. The S-parameter comparison of
the traditional PIFA and the Eccosorb MCS absorber-loaded PIFA is shown in Figure 5.8.
The slotted PIFA antenna, without an absorber, covers a frequency range of 24.88 to 26.39
GHz and has a bandwidth of 5.89 %. The bandwidth of the proposed antenna is enhanced by
57.8% after loading the absorber in the slotted PIFA antenna. The absorber-loaded PIFA
antenna covers a frequency band of 18.22 to 33.22 GHz, which resonates at 27.3 GHz, and
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the performance of the reflection coefficient is increased. Figure 5.9 depicts the proposed
antenna's simulated and measured S-parameter plot. The proposed antenna's measured
bandwidth is 42 %, covering 19.7 to 30.32 GHz, respectively.

[ Ahsorber loaded PIFA
L= = Without absorber

16 18 20 22 24 26 28 3
Freq (GHz)

0 32 34 36

Figure 5.8: Simulated S-parameter of the PIFA antenna.
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Figure 5.9: Simulated and measured S-parameter of the proposed absorber loaded slotted

PIFA antenna.

Figure 5.10 shows the slotted PIFA's simulated 3D radiation patterns with and without the
absorber at 27.3 GHz. The deep null in the boresight direction is observed in slotted PIFA
antennas without absorbers; however, absorber loading eradicated the null, and the antenna
achieves maximum radiation in the boresight direction. Radiation patterns are shown in 2D
in Figure 5.11 for easier understanding, and it can be observed that the measured and

simulated patterns are very similar.

dB(GainTotal)

dB(GainTotal)

_pgmeta (geg)

\ \ dB(GainTotal)

(@) (b)

Figure 5.10: 3D radiation pattern of the antenna (a) without absorber (b) with absorber at
27.3 GHz.
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Figure 5.11: Simulated and measured radiation patterns of the proposed absorber loaded
slotted PIFA antenna at 27.3 GHz (a) E-plane (b) H-plane

The antenna's realized gain is depicted in Figure 5.12. When an absorber is placed near the

PIFA antenna, we can see that the gain increases. It is also clear that the absorber loading

provides gain across the antenna's whole bandwidth. At 27.3 GHz, the absorber-loaded PIFA

antenna has a gain of 7.3 dBi. The gain's simulated and measured values are very similar.

15

[
=]
]

h
T

Realized Gain (dBi)
th o

_—
=

— Simple PIFA
1 L 1 N

Absorber loaded PIFA (sim.)
— = Absorber loaded PIFA (mea.)

16 18 20 22 24 26 28 30 32 34

Freq (GHz)

Figure 5.12: Realized gain of the proposed antenna.
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The surface current on the antenna element is shown in Figure 5.13 (a). In the patch antenna,
there are two slots. The current on the surface around the slots is symmetric without the
absorber. When the absorber is positioned near one of the slots, the symmetry is broken since
one of the slots is closer to the absorber than the other. As illustrated in Figure 5.13 (b), this
change in symmetry results in a new distribution of surface current that is different from when

the absorber is not loaded.

The position of the absorber also produces surface current near the feed point, which generates
new far field components. Figure 5.10 shows how the new surface current distributions
change the far-field pattern, which is different from the original, without the absorber-loaded
antenna. In the presence of an absorber, the maximum current density on the radiator is 81.3
A/m, while it is 65.2 A/m when the absorber is removed.
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Figure 5.13: Surface current distribution of the proposed antenna (a) without absorber (b)

with absorber
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5.6 Observations and Comparisons of Proposed Antenna with Existing Design

This section explores the antenna performances of the proposed antenna and compares it with
other published work based on the radiation pattern transformation, high gain, and wide
bandwidth techniques. Table 5.1 shows the relative comparison among the related reference
antennas which have been published in the literature [99-112] and proposed antenna
performance. Most of the researchers were used phased array, MIMO, parasitic patches, SIW,
stacking of substrate, more than one element to achieve radiation pattern transformation, high

gain, and wide bandwidth but it increases size, complex fabrication, and cost.

The performance of the proposed designed antenna has been discussed in this section. In Table
5.1, all existing designs are compared with the current work. The antennas in the literature
were decided based on comparable size, frequency of operation, method of operation, and
comparable antenna output parameters. It is evident from Table 5.1 that the proposed antenna

gives a good performance with a compact design.

Table 5.1 Comparison of present work with the previously published antennas

Ref. Freq. Bandwidth Size (mm?®) Gain | Efficienc | Number
Band (GHz2) (dBi) | y (%) of
(GHz) Element
S
[99] 37 0.6 - 10. | - 4
8
[100] 21.5 1 110x55%x 4.5 12. | 95 8
5
11.51, x5.74, x0.47 4,
[101] | 24 few MHz 3.78x5.66x 77 7 - 1
0.44, x0.671,x9.14,
[102] | 28 0.6-0.8 1.3x1.836x0.381 6.2 | - 6
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38 0.3-0.38 0.124,x0.174, x.035], 6.8
[103] | 28 27.57-30.75 4x4x1.34 8.8 | 97.0- 1
98.9
0.564, % 0.564, x0.18.4,
[104] | 60/70 | 53-71 14.4x14.4x1 17. | 85 16
5
6.8, x6.84, x0.474,
[105] | 28 26.9-29 30x19.9x0.79 74 | - 1
4.22,%2.72,x0.114,
[106] | 28/38 | 27.575-28.425 68 x 68 x 0254 | 4 | 84 1
0.944, % 0.94, x.0354,
91
[107] | 38 34.1-38.9 156 x 13 x 0.254 | 3.7 | 66.8 1
3.44,x2.82,x0.054, | &
[108] | 14.4/1 | - 41 x 40 x 3.2 1. | - 1
6.1 2.91,%x2.84,x0.024, | 3
8.7
[109] | 17 16-18 - 11. | 85 1
6
[110] | 3 2.68—3.65 66 x 66 x 5.77 72 | - 1
1.322,x1.324,x0.12, 1
[111] | 5.2 4.69-5.7 9 x 8 x 45 78 | 96.2 1
0.254, x0.234, x0.134,
[112] | 28/38 | 26.65-29.2 | 14 x 12 x 0.38 12 | 78 2
36.95-39.05 | 1.941,x1.64,%x0.054,| 7
13.6, x13.6, x0.16, 76
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This | 26.36 | 19.7-3032 | 10 x 8 x 3.6 73| 94 1
work 3.4k, x2.Th, x 1.2,

5.7 Conclusion

In this chapter, Eccosorb MCS absorber is loaded in slotted PIFA antenna to obtained pattern
transformation, high gain, and wide bandwidth of 57.8 % (simulated), 42 % (measured),
which covers 19.7 to 30.32 GHz respectively. The proposed design is comprised of absorbers,
with two strips of absorbers positioned above the substrate and the other two strips placed
below the substrate. The null existing in the boresight direction in conventional PIFA is
removed with the help of the absorbers, and additional radiation is generated in the boresight
direction. When compared to a PIFA antenna without an absorber, the proposed absorber-
loaded PIFA antenna is 46.6 % smaller. Overall, the proposed antenna has good radiation

properties and is a promising choice for millimeter wave applications.
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CHAPTER 6

Beam Splitting Planar Inverted-F Antenna for 5G Communication

6.1 Introduction

Extending the work performed in the fifth chapter, a planar inverted-F multi-beam antenna
using RF absorbers is addressed here. The mm-wave ranging from 1-10 mm wavelength (
10-100 GHz) has many limitations. The tiny wavelength wave is affected by raindrops,
oxygen absorption, and line of sight during its propagation. The beamforming, beam splitting,
and directive antennas are the key solutions to overcome the problems raised at mm-waves.
In this regard, the multibeam antenna offers independent beams in which the selected beams
reduce the interference and provide greater coverage in desired the direction which is the

compulsory requirement of 5G [83]-[84].

The multi-beam antennas mostly require a complex system of multiple antennas such as a
phased array or MIMO antennas and make the system bulky as well as power-hungry. The
proposed antenna circumvents these limitations and provides multiple beams from a single

antenna with wide angular coverage.
In this chapter, the split beam has been explored using an RF absorber (Eccosorb MCS).

In literature, various structures have been proposed to achieve split beams. Beam steering
capability ranges from —90° to +90° in theta plane with a switchable 3D coverage phased
array antenna is presented [113]. The digital metasurface along with a lens is used to split the
beam in [115]. The dual beams are formed through three pairs of metamaterials (MTM) arrays

which make the antenna system large and costly [117].

In this chapter, we explored a split-beam technique of the slotted planar inverted-F antenna
(PIFA) using an Eccosorb MCS absorber. Figure 6.1 gives the designed methodology of the
presented antenna in this chapter.
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Figure 6.1: Designed methodology of the chapter-6 antenna.
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6.2 Design of Slotted PIFA Antenna

The configuration of the proposed slotted planar inverted-F antenna is shown in Figure 6.1.
The antenna has been designed on 1.6 mm thick RT/Duroid substrate, with the dimensions of

20mmx=10mm and the dimensions of the patch are 0.904, x0.724, x0.324, where 4, is 12.24

mm for frequency of 24.5GHz. The employed laminate has relative permittivity (e,) of 2.2
and a dielectric loss tangent (tan ) of 0.0009. The thickness of the copper patch is 0.035
mm. The air gap between the patch and the substrate is 0.184, . The shorting plate SH,(2mm)

and SH, (10mm) are soldered to both ends of the radiator to the ground at distances of Fand
F, from the feed position. The distance between both shorting plates and feed helps to

maintain the impedance of the antenna. The top copper radiator is fed by an 2.92 mm N-type

connector. As shown in Fig. 1 (a), two slots (I, xW,) are etched on the radiator, and there are
also two stubs S,, S, (0.274,x0.0454,)to maintain the impedance bandwidth and the S-

parameter.

The design equations of the PIFA antenna define dimensions as:

L, +W, =W, Wy, = % (6.1)
fo C
DAL, AW, W, —W, ) (62)

whereL,,, W, are the length and width of the top patch andW, , W, are the width of the

narrow and broad shorting plate, respectively. Also, ¢ is the speed of light and Ais the

wavelength of the desired resonant frequency (24.5 GHz).
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Figure 6.2: Geometry of the proposed slotted PIFA antenna (a) top view of the slotted patch;

(b) side view; (c) 3D view of the antenna.

The optimized parameters of the proposed antenna are shown in Figure 6.2 are L, =0.904,,
W, =0.724,, W=10mm, X,=3mm, X,=2mm, a=2mm, X,=3mm, W, =1.5mm,

|, =6mm, t=25mm, F, =6.4mm, F, =8.6mm, L=20mm, respectively.
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6.3 Design of Beam Splitting Slotted PIFA Antenna

The split beam absorber loaded PIFA antenna configuration is shown in Figure 6.3. The

Eccosorb MCS absorber from Laird Technologies, Inc. has high permittivity, ¢, of 15 which

reduces the overall voltage standing wave ratio (VSWR). This material is designed for the
suppression of surface currents over a wide range of frequencies. In MIMO configuration,
this material plays a very good role to reduce the RF coupling. The conventional normal RF
absorbers do not have a good response at high frequency. So, for high frequency, high-
performance absorbers are needed and the Eccosorb MCS serves the purpose. Eccosorb
absorber is a highly lossy, flexible, nonconductive broadband silicone absorber. In the antenna
structure, six strips of the Eccosorb MCS absorber are placed periodically between the
substrate and radiator. The bottom part of the absorber is touched to the surface of the
substrate and the upper part of the absorber is touches the radiator. The separation distance
between all absorbers is 1 mm, denoted by ‘s’, which plays a significant role in achieving split

beams and the height of the absorber is denoted by ‘ h, ’. The width of the absorber is denoted
by ‘g’ and the gap ‘Q,’ is in between the narrow shorting plate and absorber. The gap
between the wide-width shorting plate and the absorber is © g, ’. The overall size of the beam

splitting antenna is3.24, x2.54, x1.24,.

C; C, Absorber
l Radiator

|

bl

. : I Substrate

(@) (b)

Figure 6.3: Geometry of the proposed beam splitting antenna (a) side view; (b) 3D view
9,=08,9=1,h=2,C =C,=0.1, g, =3, (units in mm).
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6.3.1 Parametric Analysis of Beam Splitting Slotted PIFA Antenna

The parametric analysis performed on the gap ‘s’ between the absorbers of the antenna is
shown in Figure 6.4. The value of ‘s’ is increased from 0.7mmto 1.3mmwith a step size of
0.3 mm. It can be seen that the optimized value of s’ is 1Imm which gives good S-parameter
and bandwidth. The parametric analysis is carried out with high -frequency structure simulator
(HFSS) software.

0 , .
-5t — |
-10
—
o
o
~ .15
~—
F
/p)
-20
= $=D,?mm
"25 [ s=1 (Proposed antenna) _
= = s=1.3mm
-30 ! | t
23 24 25 26 27

Frequency (GHz)

Figure 6.4: Parametric analysis of the proposed antenna.
6.4 Beam Splitting Technique

In this section, to get a better understanding of the beam splitting behaviour of the antenna,
numerical equations are derived and are discussed below. When the absorber is embedded
periodically in between the patch and substrate with equal distance, the size of the antenna is

reduced in accordance with the decreased wavelength as:

9 f\/g
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Absorber(medium 1) Air (medium 2 Absorber (medium1)

Ot

s
=

Figure 6.5: Propagation of electric fields through different media.
whereas,

grl :15’/’11 :1’ gr2 :1’ /uz :1 (64)
For 6, =26°, 6, is found to be 6.48°as shown in Figure 6.5.

Figure 6.6 (a) and Figure 6.6 (b) show that the two cases of the propagation are obtained:
Case (i) oblique incidence and reflection of a plane wave.
Case (ii) for parallel polarization.

Oblique incidence and reflection of a plane wave as shown in Figure 6.6.
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Absorber(medium1) Air (medium 2)

X=0

(@)

where a, is the plane of incidence, 6, is the angle of incidence betweenk anda, . As shown

in Figure 6.6 (a), it seems that incident and reflected waves are in medium 1 and transmitted

or refracted wave is in medium 2.
The incident electric field is given as
E,=E,e “ cos(at—£z+6 +180°) (6.5)

In eq. 6.3, 180° phase shift is added because the electric field is incident from dense media

to rare media.
The reflected wave is given by,

E,=TE

rl il

E, =T'E e * cos(wt — B,z + 06 +180%) (6.6)
where 0 =6.48°, 3, =0.13,z =0.001m

E, = E,e "% cos(wt —186.4°) (6.7)
The reflected electric field is calculated with the help of the relation given below,

E.,=TE

rl i

where T'is the reflection coefficient which is computed using
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€1 /€

r= - J(? =0.589 (6.8)
and
E, =TE,
E,, =0.589(E e ** coscos(wt —186.4°) (6.9)
The transmitted electric field is given as
E,=E.,e “ cos(at - f£,z+6, +180°) (6.10)
Here, z=0.002m, 3, =0.152,6, = 26°
E, = E, & *** cos(wt —205.9%) (6.11)
E,, = E e %% coscos(at +6.47°) (6.12)

When the wave propagates from medium 2 (air) to medium 1 (absorber),

6 =6, =6.48°,2=0.001m (6.13)
E,=E, (6.14)
E,=TE, (6.15)

where,

o
=-0.589 (6.16)
T e e

=-0.589E e *** cos(at + 25.9°) (6.17)

E,=E.,e “cos(at— B,z +6,) (6.18)
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Here, z =0.002m, 8, =6.48°

E,, = E, e %% cos(at +6.47°) (6.19)
The total incident wave is given as

E =E,+E, (6.20)

E

=E,e "% (wt —186.4°) + E %%

The total transmitted wave is given as
E =E,+E, (6.21)
E, = E " " coscos(et — 205.9°) + E, e %% cos(at + 6.47°)
The total reflected wave is given as
E, =E,+E, (6.22)
E, =0.589[E e "™ cos cos(mt —186.4°]—-0.589E e **** cos(at +25.9%) (6.23)

Figure 6.6 (b) depicts the parallel polarization of electromagnetic waves.

Medium 1(absorber) Medium 2 (air)
E,
X
k?' Ek
t
He
97‘ ‘}Gf 7
6;
E; ke
H;
z=0
(b)

Figure 6.6: (a) Plane wave incident and reflection, (b) Parallel polarization of electromagnetic

waves.
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where 6, =6.48°,0, =26°, , =0.13, 8, =0.512

n, =970, 5, =377Q, x =0.002m, z = 0.001m

E.=E,(a,—0.112a, )e 0%

Eio j i

_ —jpi(xsin6; +zcosé;)

H,=—"%e a,
Ui

—0.000289
H,, =0.01E,e a,
_ H —jB.(xsin,—zcosb,)
E.=E,(cosfa, +singa,)e

E, =E,(a, +0.112a, )¢
The transmitted electric field in medium 2 (air) is given by
E, = E, (cosf,a, —sin g,a, )e 04 rzesd)
where 6 =26°, 3, =1, x =0.002m, z = 0.002m
E, = E,(0.89a, —0.43a, )e***
(6.30)

E

-j ing, 6,
HtS — _ts e jB(xsing; +zcos t)ay

7,
H, =0.0026 Eme—o.omzj

The parallel polarization reflection coefficient is given by

_ 17,0086, ~7, 005 6

= =0.47
1, oS 6, +1, COS b,

11

(6.33)
Ero = 1—111 Eio

E, =0.47E,
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The expression for propagation constant for the parallel polarization is given as

E 2n, c0os 6,
r=fe__ 2006 g (6.36)
E., 1,C086,+n, Cos0,

6.5 Simulated and Measured Results

The fabricated prototype of the proposed beam splitting slotted PIFA antenna is shown in
Figure 6.7. The thickness of the absorber, the number of strips, and the gap between them are

optimized as discussed earlier.

(@) (b)

Figure 6.7: Fabricated beam splitting antenna (a) cross section (b) top view.

The electric field distribution of the patch which changes the direction and propagation of the
field in the absorber is depicted in Figure 6.8. It can be seen that the electric field is diverted
into two directions and the current path has also changed which gives the maximum radiation
into two directions. However, in the middle of the patch near to the feed position, the current
is very less, which gives a deep null in the boresight direction. The absorber produces
constructive interference in two different directions giving rise to two split beams. The pair

of vertically placed absorber slabs toward the wide shorting plate near the feed position have

more electric fields in two different directions that produce the split beams at +26°.

109



E Field [¥/m]

B4 ZFE+aEY
L TIEZTE+EE3
 BETEE+BES
 3HEHE+EERS
BY7SE+EES
V95Z2ZE+BE3
 25T1E+EB3
 SEZRE+BES
, BEG9E+EE3
C1718E+BE3
 47EEE+EES
, 7E15E+BE3
 AEEHE+EES
 3913E+EE3
V9E19E+BE2
L B711E+EBE

[aant O S o T % TR s R — S~ f 3 I T e RS B s BT BT w B )

Figure 6.8: E-field distribution beneath the patch (in absorber) and surface current density

on the radiator of beam splitting antenna at 24.5 GHz.

The reflection coefficient of the beam splitting antenna is measured by R & S ZNB 40 vector
network analyzer. The measured and simulated Si1 of the antenna are illustrated in Figure 6.9.
The simulated S11 of the antenna has an impedance bandwidth of 8% in the frequency bands
of 24.11-26.09GHz. It can be seen that the measured S11<-10dB in the frequency bands
of 24.2—25.7GHz and has an impedance bandwidth of 6%.

= Simulated
-------- Measured

S11(dB)

-15

-20 4

"~
=
w
~

24 26 28 30
Freq(GHz)

Figure 6.9: Simulated and measured Si; of the proposed beam splitting antenna.
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The beam splitting antenna provides a peak gain of 10.3dB at 24.5 GHz. Figure 6.10 shows

good agreements between simulated and measured results for beam splitting antenna.

Simulated
e 0 0 T B B e Measured
10 4
—_— 9 x
=
=
E 84
'=
o
7 -
6
5 T T T T
20 22 24 26 28

Freq (GHz)

Figure 6.10: Gain of the proposed beam splitting antenna.

The simulated and measured co- and cross-polarization pattern of the proposed beam splitting

antenna is depicted in Figure 6.11. A deep null is observed in the broadside direction and the

maximum gain is obtained at +26°. The half-power beamwidth (HPBW) of 28°and the first

null beamwidth (FNBW) is found to be 52.82°.

bk oA
o o o

Realized Gain (dBi)
B
(=]

50 Mo \ I
= Co-pol (Sim.) 1
60 [ ___ x-pol (Sim)
.70 | = +Co-pol (Mea.)
— = X-pol (Mea.)

-180-150-120-90 -60 -30 0 30 60 90 120150180
Angle (Theta)

(@)

30 | X-pol (sim)
.35 =+ Co-pol (Mea.)

Realized Gain (dBi)

-40

\

1
—— Co-pol (Sim))

~ — X-pol (Mea.)

-180-150-120-90 -60 -30 0 30 60 90 120150180
Angle (Theta)

(b)

Figure 6.11: Simulated and measured radiation patterns at 24.5° GHz. (a) o= 0? cut (b) ¢=
90° cut.
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To get better insights, Figure 6.12 shows the 2D radiation patterns of the proposed antenna at

different frequencies. It can be seen from Figure 6.12 that the antenna achieves beam splitting

over the desired frequency band.

6.6 Observations and Comparisons of Proposed Antenna with Existing Design

0 -

&

Realized Gain (dBi)
)
o

-25
-30
= 242 GHz
-35 § =——245GHz !
—==25.7 GHz !
-40 : : . ' :
-180 -120 -60 0 60 120
Angle (degree)

180

Figure 6.12: Beam splitting at different frequencies.

In this section, the comparison between the presented antenna and its performances are

compared with other published work. Table 6.1 shows the comparative comparison among

the related reference antennas, which have been published in the literature [113-118], and

presented antenna performance. The presented antenna gives the -10 dB impedance

bandwidth, dual split beam with a single element, and good gain which are better compared

to the published paper. It offers compact size with good gain throughout the band compared

with existing structures.

Table 6.1 Comparison of present work with the previously published antennas

Ref. Freq. Bandwidth |  Size (mm?) Gain (dBi) Beam Number of
Band (GH2) split Elements
(GHz)
[100] 21.5 1 110x55%x4.5 12.5 yes 8
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1151, x5.74, x0.474,

[105] 28 26.9-29 30x19.9x0.79 7.4 yes 1
4.2, x2.764, x0.114
[113] 11 10.42- 53.9x53.9x1.57 18.6 yes 32
11.22
2.924,%x2.921,x0.84
[114] 10 0.6 256 % 256 x 3 yes multiple

13.61,x13.64, x0.164, -

[115] | 26 24.25-275| 30x30.5%0.508 7.4 yes MIMO
41, x3.912, x0.0654,
[116] | 5.5 5.18-5.8 | 67x74x3.175 7.92at 35° | yes 1
1.22, x1.354,x0.0581, &
5.94at
-33°
This | 245 24.2-26.1 10x8x 3.6 10.07 at —2 yes 1
work & 10.3
3.24, X 2.54, .
at+26
x1.24,

6.7 Conclusions

This chapter discussed the designed and analysis of the dual split-beam slotted PIFA antenna
based on the Eccosorb MCS absorber. PIFA antenna which achieves multi-beam behaviour

by six slabs of absorbers placed periodically between the PIFA patch and substrate to split the

beams into two directions at +26° .
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The measured results show that the beam splitting antenna has realized a bandwidth of 6%
which covers 24.2—-25.7GHz band with a maximum gain of 10.3 dBi respectively. With
these characteristics, it can be concluded that the proposed antenna has better antenna

performance compared to previously published works and can be a good candidate for 5G
applications.
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CHAPTER 7

Substrate Integrated Waveguide (SIW) Beamforming Antenna

7.1 Introduction

The different gain enhancement and beam scanning techniques have been addressed in the
previous chapters and these techniques incorporate periodic structures like an artificial
magnetic conductor (AMC), AMC with superstrates, metasurface, uniform superstrates, non-
uniform superstrates, RF absorber (Eccosorb MCS). But, still, antennas for some applications
need to have a wide scanning range with high gain and wide bandwidth, so the antenna can
easily use for 5G communication. The substrate integrated waveguide (SIW) technology with
metasurface and EBG (Electromagnetic bandgap) structure also provide beamforming with
wide scanning. So, SIW technology can be an alternative option to fulfill the demands of the

antenna designers and researchers.

The beamforming technology and scanning of the radiation pattern meet all 5G
communication criteria [121]-[122]. The Rotman lens, Graded index lens, Hybrid reflector,
Blass matrix, Hybrid lens, and Butler matrix are among the various beamforming structures
reported in [123]. One of the most important aspects of beamforming antennas for 5G
communication is the SIW. In addition to lowering sidelobe levels, it has low radiation loss,

cross coupling, high gain, and outstanding radiation properties [124]-[125].

Peters et al. presented four beams SIW slotted antenna array with -20° to + 20° beam scanning

using the slotted array [126].

In literature, mostly the research concentrates on the phased array, butler matrix [117]-[126]
to achieve beamforming. There are multiple works reported [127]-[145] on SIW

beamforming, and many other methods.

In this chapter, we explored circularly polarized hybrid mode SIW antenna for two-quadrant
scanning beamforming. Figure 7.1 gives the designed methodology of the presented antenna
in this chapter.
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Figure 7.1: Designed methodology of the chapter-7 antenna.
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7.2 Design of SIW Beamforming Antenna

Figure 7.2 depicts the structural design of the proposed SIW beamforming antenna for 5G
applications. The structure's overall dimensions are 60 mm (6.964,) x 38 mm (4.4 1,) X
1.6 mm (0.18 A,). The antenna is fabricated on a Rogers 5880 substrate with a 1.6 mm
thickness, permittivity of 2.2, and tand =0.0009. Vias of different diameters are used in this
design. Vias with a larger diameter has four rows, whereas those with a smaller diameter have
sixteen. As seen in Figure 7.2, the length of the rows varies depending on the location. Three
EBG structures, EBG1, EBG2, and EBG3, are etched in the form of squares on the bottom

ground (copper) layer. Each EBG square is .5 mm X 0.5 mm.

The design equations consider for this work is shown below [142]-[143]:

d? d?
Weff :W —108?+01W (71)

whereas d is the diameter of the via, p is the spacing between the vias, and the gap between
two rows of vias is denoted by (W).

0.5<d/p<0.8 (7.2)

Top copper layer

Substrate

(@) (b)
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Figure 7.2: Layout of the proposed antenna (a) top view, (b) Layered structure, (c)

metasurface cross section.

EBGL1, EBG2, and EBG3 are configured as a matrix of 9 x 11,12 x 11, 8 x 11. The distance
between EBG1 and EBG2 is 4 mm, and the distance between EBG2 and EBG3 is 5 mm. On

the top copper layer, two rectangular slots (S;, S,) with a +£45¢ inclination are orthogonally
etched. Slot S, has length=4.8 mm, width=0.6 mm, whereas slot S, has a length of 4.8 mm,

and width is 0.5 mm, respectively. On the bottom copper layer, immediately below the center

of the cross slots, a six-segment rectangular polygon slot is etched. Two further slots, S, and
S, are etched diagonally on a top copper layer with length and breadth of 1.8 mm and 1.9

mm, respectively. The cross-section of the metasurfaces is shown in Figure 7.2 (c). The 72
unit cells that make up the 2D metasurfaces are put on the substrate which is m distance away

from the top metallic layer with a size of square metals nxn.

Table 7.1 shows the beamforming antenna's design parameters are given as wi = 2, wo = 14,
L=60,W=38,Lp=43,k=52,c1=08,c2=c3=¢c4=0.5,i=509=05,p1=24,p2=1.2,
X1 =6.3,y1=5.6, m=0.2, n=1 (all units are in mm). Simulations were carried out by Ansys
HFSS. Table 7.1 shows the detailed dimensions of the SIW rows. The fabricated proposed

antenna is shown in Figure 7.3.
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Table 7.1 SIW rows detailed dimensions

Vias Rows a b C d e f

Length (mm) 33.6 228 16.7 14.3 12 24
Width (mm) L5 1 1 1 2 L5

L
bt tbed

.OOOI:C .:.:':"8‘.
° 20000 *

(©

Figure 7.3: Prototype of the proposed antenna (a) top view, (b) bottom view, (c) metal
filling of vias.
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7.2.1 Design Evolution and Analysis of Proposed Antenna

Table 7.2 depicts the evolution of the proposed SIW beamforming antenna. The antenna's
design evolution begins with a two-port microstrip patch antenna which is fed by an inset feed
that resonates at 23 GHz, as illustrated in Antl. The antenna's gain increases with frequency
at first but the radiation pattern gets distorted. The length and width of slots S, and S, in Ant2

are configured to approximately 2/ 4, enabling the antenna to radiate. The radiation pattern
is shifted with coverage of 60° in the azimuth plane because slots S,, S, were inclined at
457,

The two cross slots added capacitance and inductance, increasing gain while reducing return
loss and axial ratio value. The antenna resonant frequency and S-parameters are unaffected
by changes in slot length and width. As shown in Figure 7.4 (a), when the width of the slot S,
was changed from 0.6 mm to 0.5 mm, all multi beams switched from the 2" to the 1% quadrant
without changing S-parameters. It is worth noting that the suggested antenna's 1% quadrant

scanning ranges from 0° to 90°. Four circular slots were etched on the top patch to lower the
axial ratio value and achieve circular polarization, but the antenna remained linearly

polarized.

However, at its optimum dimensions of length = 4.8 mm and width = 0.6 mm, the proposed

antenna scans 60° in the first two quadrants, as illustrated in Figure 7.4. (b).

Opmary = +sint (’%‘)

15t Quadrant

90°
>X

270°

(a) (b)

Figure 7.4: Quadrant scanning, (a) 1st quadrant radiation coverage 90°, (b) two quadrant

radiation coverage 120° at 23.5 GHz.
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Table 7.2 Evolution of the proposed antenna.
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In Ant3, there is a minor change in S;, and S,,, but gain is better. Ant4 includes a rectangular

polygon slot etched on the bottom layer of the ground plane which reduces the backward
radiation. However, in Ant5, the two slots are diagonally etched on the top metallic layer,
influencing the radiation pattern, isolation, and reducing the axial ratio also. The path of the
current on the patch is controlled by a matrix of three EBG structures which also improves

the isolation between the ports.

The spacing between the three EBG matrices has been adjusted to reduce port coupling.
Without adding any additional decoupling circuit, the coupling between the ports is found to
be below -10 dB. Figure 7.5 (a) depicts the coupling between the ports. It can be observed
from Ant5 to Ant6, when the EBG structure is applied, the radiation in the unwanted direction

is removed and the radiation pattern becomes more directed in the broadside direction.

The antenna's gain seems to have improved as well. Inductance and capacitance are created
by the EBG's periodic structure, which increases the return loss and enhances isolation. It was
also depicted that when the size of the metasurface units decreased, return loss improved and
the frequency band shifted slightly lower band. The SIW cavity's length to width ratio is high,

resulting in higher-order mode TE,,, which enhances gain. Figure 7.5 depicts the electric

field distribution on the top metallic patch.

As shown in Figure 7.5, the maximum field in the y-direction is concentrated at the antenna'’s

centre, i.e., E ., , with a value of 4.1103 V/m. In the x and z axes, however, the E, and E,

max ?

fieldsare < E, . Equation 1 calculates the hybrid mode's electric field distribution. 72 units of

2D metasurfaces are arranged on an extended section of the substrate, 0.2 mm away from the
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top metallic layer, in the final design, Ant 8. Figure 7.6 compares the S-parameters of all

antennas.

The normalized electric field for the conventional cavity mode TEmop can be written as

E,, =sin mzx *sin(ﬁ—zj (7.3)
L, w

The electric field distribution for the proposed hybrid mode is calculated as

E s = () *sin[ 52 7.9

f(y)=sin Srx *sin(5—”j L cos| 3TX ST || 37X, 5T (7.5)
Lp W 2 Lp w Lp W

Without EBG With EBG

(a) (b)

Figure 7.5: (a) Mutual coupling between the ports, (b) Electric field distribution of the
proposed antenna.
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Figure 7.6: Simulated and measured results of the proposed antenna. (a) Si1, (b) S21, and (¢)

realized gain.

The subwavelength rectangular structure of the metasurfaces depicted in this design has a

dimension of 0.114, X 0.114,. The periodicity in the metasurfaces' structure resulted in a

gain of 10.8 dBi, which appears to be quite high when compared to the other antennas depicted

in Figure 7.6.
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7.3 Simulated and Measured Results

The proposed antenna is fabricated and R & S ZNB40 vector network analyzer is used to test

the EBG-based SIW beamforming antenna. Figure 7.7 depicts the simulated and measured S-

parameters.
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- — — — 8, sim
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24 27

Frequency (GHz)
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28
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S21 (dB)
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-22

-24

-26

-28

22 24

Frequency (GHz)

(b)

Figure 7.7: Simulated and measured S-parameters of proposed, (a) S11, (b) Sa1.

Figure 7.7 (a) shows that the proposed antenna covers 23.5-25.5 GHz band, whereas Figure

7.7 (b) shows that the ports are isolated by 19 dB. As shown in Figure 7.8, the measured

values of realized gain and radiation efficiency are 9.8 dBi and 94.5 %, respectively. Within

the band, the axial ratio is less than 3 dB, as indicated in Figure 7.8. (c).
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Figure 7.8: Simulated and measured (a) Realized gain, (b) Radiation efficiency, (c) Axial

ratio of the proposed antenna.

Figure 7.9 depicts the proposed antenna's measured far-field radiation pattern. The proposed

antenna's FTBR is expected to be 25.7 dB from both ports.
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Figure 7.9: Far-field radiation pattern of the proposed antenna at 23.5 GHz, (a) E-plane co-

cross polarization, (b) 2D radiation pattern at phi=90°,
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For 5G communication, the diversity performance of the multiple-input and multiple-output

antenna is essential.

Figure 7.10 shows the envelope correlation coefficient (ECC), diversity gain (DG), total
active reflection coefficient (TARC), and channel capacity loss (CCL) of the proposed
antenna diversity performance [144]-[145].

When the antenna efficiency is high, the envelope correlation coefficient can be estimated
using the S-parameters approach instead of far-field radiation patterns [144]-[145]. The

following equation can be used to determine the ECC:

. S1S1, + 5,8y

(7.6)

1

|A=184, F = 1850 FYA=1 Sy F =182 P) (a1 e )2

As shown in Figure 7.10 (a), the measured value of ECC within the band is 0.009. The value
of ECC for the case of the MIMO antenna should be less than 0.5.
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The proposed MIMO antenna's diversity gain (DG) can be determined using the equation:
DG =10x,/(1- ECC)’ (7.7)

The calculated diversity gain is 9.9 dB.

TARC is another parameter for the proposed antenna's diversity performance, and it is defined

as follows:

Total reflected power

TARC =
Total incident power

The return loss of the entire MIMO system is calculated using TARC.

TARC may be determined from S-parameters given the equation for a two-port MIMO

system.

TARC — \/(Sll -I_SlZ)2 +(522 + 821)2

5 (7.8)

The measured and simulated values of TARC at 8 = 0°,30°,60°,90°,180° are shown in
Figure 7.10 (b). Figure 7.10 (b) shows that the simulated and measured value of TARC is less
than -6 dB within the band coverage of 23.5 GHz.

The channel capacity loss (CCL), commonly known as Shannon's channel capacity theorem,
determines how much information may be transferred at a maximum rate without interference

from the environment. The CCL may be calculated using the following equation:
! ! 2
0;'l& =1- (lSii|2 — |8 ) (7.9)
0y 1& = —(8;"Sij — $jiS;i”)

Figure 7.10 (c) shows that both simulated and measured CCL values are less than 0.4

bits/seconds/Hz.
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Figure 7.10: Diversity performance of the proposed antenna, (a) Envelope correlation
coefficient. (b) Total active reflection coefficient. (c) Channel capacity loss.

7.4 Observations and Comparisons of Proposed Antenna with Existing Designs

In this section, the comparison between the presented antenna and its performances are
compared with other published works, also compared based. Table 7.3 shows the comparative
comparison among the related reference antennas, which have been published in the literature
[117-120] and presented antenna performance. The presented antenna gives the -10 dB
impedance bandwidth, beamforming, circular polarization with two-port MIMO SIW which
are better compared to the published works. It offers a compact size with a wide scanning

range compared with existing structures.
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Table 7.3 Comparison of proposed work with different existing antennas

Ref Antenna type Size (%) Frequency Realized Beamforming
band (GHz) gain (dBi) (Degree)
[117] | x4 PFSA array | 1.98 x .23 x 0.11 37-39 7.7 +50°
[118] Slow wave STW 8.67 x 0.91 13.5-13.9 9.2 35°
% 0.073
[119] SIW antenna 048 x 0.48 X 0.09 | 2425-—-295| 10.1+0.7 +50°
array
[120] 4 = 6 Butler 5.6 X 4.64 27.5,28.5 11 +45°
matrix (BM)
based antenna
array
Present | SIW MIMO 47 %X 297 x0.12 23.5-25.5 9.8 +60°
Work antenna

7.5 Conclusion

This chapter discussed with the designed and analysis of the circularly polarized EBG based

two-port MIMO. The antenna has been developed in this chapter by using the SIW,

metasurface for obtaining beamforming and behaviour of circularly polarized radiations.

SIW generates multibeam using the proposed structure, which scans the first two quadrants

with 120° coverage. Each quadrant generates four beams. MS is used to convert linear to

circular polarisation using 72 periodic units. The proposed antenna operates in the frequency
range of 23.5-25.5 GHz. It has a realized gain of 9.8 dBi and a 94.5 % radiation efficiency.

The antenna’s diversity performance, such as ECC, diversity gain, TARC, and CCL, meet the

requirements of the 5G MIMO system.
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CHAPTER 8

Conclusion and Future Scope

This chapter is mainly separated into two segments: (i) conclusions of the complete research
work, which have been discussed in this given thesis, and (ii) the future scope of the given
research work. The presented thesis is mainly focused on the high gain, beamforming, beam

scanning and beam splitting.

8.1 Conclusion of the Presented Work

In the first chapter, a brief introduction of 5G technology and the expected spectrums were
described. Next, the requirements of the antennas i.e., monopole, PIFA and microstrip patch
antenna in future wireless technology were also discussed. In the end, for beam steering and
gain enhancement, different types of periodic structures like AMC, uniform superstrate, non-
uniform superstrate were explored. This introduction laid the foundation that is needed to
appreciate the work performed in this thesis.

In the second chapter, we started with the design of a compact planar inverted-F antenna
(PIFA). It is found that the gain and bandwidth of the antenna are low while the SAR value is
high which may not be useful for 5G and other applications. To counter low gain, the gain
enhancement of the PIFA antenna was explored by applying AMC. On the other hand, the
SAR contribution leading to the undesired electromagnetic radiation towards the human body
was analyzed using three- and four-layer of the human tissue model. Once the reason for high
SAR was known, the SAR reduction technique with AMC was used, reducing SAR to a low
value. The value of SAR of the proposed antenna was found to be lower than the IEEE
standards which shows the effectiveness of the AMCs. When measured, the proposed antenna
had an impedance bandwidth of 4.8-6.7 GHz (33 % with center frequency at 5.75 GHz) and
a maximum gain of 7.6 dBi, making it appropriate for WLAN, satellite uplink C-band, and
sub-6 5G applications.
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In the third chapter, we designed a coplanar waveguide fed monopole antenna. Traditional
planar monopole antennas have low gain and might not be usable for many applications due
to it. While the use of AMC and superstrate is used for gain enhancements, it has never been
employed for planar monopole antennas in a single design. So, we approached this low gain
problem in a systematic manner. Hence, to achieve high gain, we used AMC as well as
superstrate for enhancing the forward radiation from the antenna. However, superstrates
demand for materials with high dielectric constants but these materials are either not available
commercially off-the-shelf or are very expensive compared to traditional dielectrics. That
motivated us to study three different superstrates and discussed how they can be used in place
of each other without sacrificing antenna performance. Finally, one of these three superstrates
was fabricated with the monopole and AMC combination. The fabricated coplanar waveguide
fed monopole antenna with AMC and superstrate showed the measured impedance bandwidth
of 15.7% (3.2-3.75 GHz) and has the maximum gain of 7 dBi which is well suited for 5G and
WIMAX applications.

In the fourth chapter, we explored a beam-steering antenna based on a non-uniform
metasurface superstrate and AMC as beam steering with low scan loss is going to be a
necessity for 5G communications. The proposed antenna in this work can steer the beam along
0 = -18° and 18° with the superstrate and along 6 = 0° in the absence of the superstrate with
almost zero scan loss. The antenna, working at 3.5 GHz, due to these qualities is an ideal
candidate for 5G, WiMAX, and WLAN applications.

In the fifth chapter, we explored how an Eccosorb MCS absorber can be used to transform
the radiation pattern of a slotted planar inverted-F antenna (PIFA). The structure of the PIFA
antenna with and without absorber was analyzed to see whether the antenna performance
might be improved. We showed that by using an absorber, the radiation pattern can be
transformed, producing a radiation beam in the desired direction while also increasing the

antenna's gain.

Extending the work performed in the fifth chapter, we designed a planar inverted-F multi-
beam antenna using RF absorbers in the sixth chapter. The multi-beam antennas mostly
require a complex system of multiple antennas such as a phased array or MIMO antennas and

make the system bulky as well as power-hungry. The proposed antenna circumvented these
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limitations and provided multiple beams from a single antenna with wide angular coverage.
The designed antenna achieved a multi-beam behaviour by six slabs of absorbers placed
periodically between the PIFA patch and substrate to split the beams into two directions at
+26°. This design fulfills the multibeam requirements not just for 5G but for other latest

communication systems too.

In the seventh chapter, we designed a circularly polarized MIMO antenna for the 5G band at
millimeter-wave frequencies (23.5-25.5 GHz). As microstrip or CPW type of transmission
lines incur a high loss at millimeter frequencies, the antennas at these frequencies call for SIW
based designs for low loss. As a result, in this chapter, a novel SIW structure was used to
perform beamforming. This work comprised different types of vias and slots that achieve
multibeam in the 1 and 2" quadrant with 120° angular coverage. The introduction of slots
also improves the axial ratio and antenna gain. The proposed antenna also benefited by using
EBG and metasurfaces to produce right-handed circular polarized radiations within the
desired band of 23.5-25.5 GHz with good return loss. Finally, the MIMO's diversity properties

were investigated. In all aspects, the proposed antenna performs well for 5G applications.
8.2 Future Scope of the Presented Work

This thesis gives the concepts of various periodic structures for high gain, beamforming, beam
scanning, and beam splitting in different antennas like monopole, PIFA, and microstrip patch
antenna. Lastly, a EBG based SIW concept is also included in the thesis for achieving better
antenna performance in terms of wide scanning range and high gain. This thesis mainly
discussed the periodic structures such as AMC, uniform superstrate, non-uniform superstrate,

RF absorber; one can also try to develop some other beamformers.

This thesis mostly concentrated on the basic design of the antennas, so it is also possible to

used different designs to obtain wideband applications.

Multi-antenna systems are required for 5G and future wireless technology, such as 6G, which
uses higher frequency ranges such as millimeter-wave and terahertz. The higher the
frequency, the harsher the propagation conditions for electromagnetic waves will be. Multi-

antenna setups and beamforming can help mitigate this to some extent.
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There is more need to work on circular polarization which is useful for 5G and 6G. Therefore,
FSS (frequency selective surface) which can be used to achieve circular polarization with high

gain.

In beamforming antennas, generally, the gain becomes low during the scanning, so one can
also try to develop and use the concepts of intelligent reflecting surface or some other different
techniques to enhance the gain along with beamforming and beam scanning.
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